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I.  Introduction 


Continued  development  and  commercialization  of  optoelectronic  devices,  including  light- 
emitting  diodes  and  semiconductor  lasers  produced  from  III-V  gallium  arsenide-based 
materials,  has  also  generated  interest  in  the  much  wider  bandgap  semiconductor  mononitride 
materials  containing  aluminum,  gallium,  and  indium.  The  majority  of  the  studies  have  been 
conducted  on  pure  gallium  nitride  thin  films  having  the  wurtzite  structure,  and  this  emphasis 
continues  to  the  present  day.  Recent  research  has  resulted  in  the  fabrication  of  p-n  junctions  in 
wurtzitic  gallium  nitride,  the  deposition  of  cubic  gallium  nitride,  as  well  as  the  fabrication  of 
multilayer  heterostructures  and  the  formation  of  thin  film  solid  solutions.  Chemical  vapor 
deposition  (CVD)  has  usually  been  the  technique  of  choice  for  thin  film  fabrication.  However, 
more  recently  these  materials  have  also  been  deposited  by  plasma-assisted  CVD  and  reactive 
and  ionized  molecular  beam  epitaxy. 

The  program  objectives  in  this  reporting  period  have  been  (1)  the  growth  of  thin  films  of 
GaN  and  AlxGai-xN  solid  solutions,  (2)  the  fabrication  of  the  materials  into  UV  photon 
detectors  and  their  characterization,  (3)  the  deposition  via  gas-source  MBE  of  intrinsic  n-  and 
p-type  doped  GaN,  (4)  deposition  of  monocrystalline  GaN  via  atomic  layer  epitaxy,  (5)  the 
initial  conduct  of  studies  regarding  the  ion  implantation  of  AIN  and  GaN  and  (6)  design  of 
facilities  for  luminescence  and  reactive  ion  etching  of  wide  bandgap  thin  film  materials.  The 
procedures,  results,  discussions  of  these  results  and  conclusions  of  these  studies  are 
summarized  in  the  following  sections  with  reference  to  appropriate  SDIO/ONR  reports  for 
details.  Note  that  each  major  section  is  self-contained  with  its  own  figures,  tables  and 
references. 
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II.  Growth  of  Thin  Films  of  GaN  and  AlxGai.xN  Solid  Solutions 
via  MBE  for  UV  Photon  Detectors 

A.  Introduction 

Group  ni-V  nitrides  are  promising  candidate  materials  for  optoelectronic  devices,  such  as 
light  emitting  diodes  and  semiconductor  lasers  having  emission  wavelengths  in  the  blue  and 
ultraviolet  regions  of  the  spectrum  [1].  It  is  believed  that,  like  the  highly  successful  As-  and  P- 
based  materials,  the  heterostructures  of  the  III-V  nitrides  (heterostructure  quantum  wells  or 
even  superlattice  quantum  wells)  will  become  increasingly  important  for  optoelectronic  device 
applications.  The  advantages  of  heterostructures,  e.g.,  i)  enhanced  carrier  mobility  &  improved 
device  speed,  ii)  engineered  bandgaps  to  produce  lasing  at  desired  wavelengths,  and  iii)  greatly 
enhanced  quantum  efficiency  (carrier  confinement  in  radiative  region  and  a  window  to  the 
emitted  radiation)  will  enhance  the  device  performance. 

Our  research  regarding  the  deposition  of  AlN/GaN  multilayer  films  has  shown  that 
heterostructures  having  abrupt  interfaces,  both  chemically  and  structurally,  as  well  as  good 
crystal  quality  [2]  can  be  achieved  using  modiHed  gas  source  MBE.  Based  on  these  results,  we 
have  initiated  efforts  to  make  a  variety  of  different  solid  solution  materials  to  extend  the 
flexibility  for  future  heterostructural  devices  designs.  In  the  following  sections,  the 
preliminary  research  results  concerned  with  the  deposition  of  AlxGai.xN  solid  solution  films  is 
reported.  In  addition,  the  results  of  preliminary  device  applications  of  GaN  and  AlxGai-xN 
solid  solution  films  in  UV  photon  detectors  will  be  presented. 

B.  Experimental  Procedure 

The  thin  film  deposition  system  employed  in  this  research  was  a  commercial  Perkin-Elmer 
430  MBE  system.  This  system  consisted  of  three  parts:  a  load  lock  (base  pressure  of  5x10-8 
Torr),  a  transfer  tube  (base  pressure  of  IxlO-lO  Torr),  which  also  was  used  for  degas  the 
substrates,  and  the  growth  chamber  (base  pressure  of  5x10*11  Torr).  Knudson  effusion  cells 
with  BN  crucibles  and  Ta  wire  heaters  were  charged  with  7N  pure  Gallium  and  6N  pure 
aluminum,  respectively.  Ultra-high  purity  nitrogen,  further  purified  by  a  chemical  purifier,  was 
used  as  the  sources  gas.  The  N2  was  decomposed  to  more  reactive  species  using  an  ECR 
plasma  source,  designed  to  fit  inside  the  2.25  inch  diameter  tube  of  the  source  flange 
cryoshroud.  The  details  of  the  system  can  be  found  elsewhere  [3]. 

The  substrates  were  (0001)  oriented  a(6H)-SiC  and  epitaxial  quality  sapphire  wafers.  Prior 
to  loading  into  the  chamber,  the  a-SiC  substrates  were  cleaned  using  standard  degreasing  and 
RCA  cleaning  procedures.  The  sapphire  substrates  were  cleaned  using  the  following 
procedure:  degreasing  and  DI  water  rinse,  emersion  for  10  minutes  in  a  1:1  hot  solution  of 
HP03:H2S04,  a  thorough  DI  water  rinse  and  a  brief  dip  in  a  1:10  solution  of  49%  HF:H20. 
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All  cleaned  substrates  were  subsequently  mounted  on  a  3-inch  molybdenum  block  and  loaded 
into  the  system.  After  undergoing  a  degassing  procedure  (7(X)°C  for  30  minutes),  the  substrates 
were  transferred  into  the  deposition  chamber.  Reflection  high  energy  electron  diffraction 
(RHEED)  was  performed  to  examine  the  crystalline  quality  of  the  substrates. 

C.  Results 

1.  Deposition  of  AlxGai-xN  Solid  Solutions 

The  goal  in  this  aspect  of  the  research  has  been  the  deposition  of  films  of  AlxGai-xN  solid 
solutions  for  x  ranging  from  1  to  0.  Composition  ratios  of  Al-atoms  to  Ga-atoms  in  the  films 
were  varied  through  control  of  the  Ga-cell  and  the  Al-cell  temperatures,  respectively.  Typical 
deposition  conditions  are  listed  in  Table  I.  RHEED  was  performed  to  examine  the  crystalline 
quality  of  the  films;  it  indicated  that  all  the  films  for  x  ranging  from  1  to  0  to  be 
monocrystalline.  The  Al/Ga  composition  ratios  in  the  alloy  films  were  determined  using  a 
JEOL  JAMP-30  Scanning  Auger  Microprobe  (SAM).  The  results  indicated  that  real  Al/Ga 
composition  ratios  were  close  to  the  estimated  Al/Ga  ratios  based  on  Al/Ga  flux  ratios.  A 
multilayer  film  which  consisted  of  seven  AlxGai-xN  sublayers  was  deposited.  Ratios  of  Al/Ga, 
X,  in  each  sublayer  were  1,  0.7, 0.5,  0.3, 0.2, 0.12  and  0  respectively.  The  RHEED  pattern  of 
the  top  GaN  film  indicated  film  had  a  good  crystalline  quality. 


Table  I.  Deposition  Conditions  for  Undoped  GaN  Films 

Nitrogen  pressure 

2xl(HTorr 

Microwave  power 

SOW 

Gallium  cell  temperature 

945-990^ 

Aluminum  cell  temperature 

1120~1030'’C 

substrate  temperature 

65(fC 

2.  Optical  Device  Application  of  GaN  and  Alo.12Gao.88N  Films 

We  have  also  characterized  the  GaN  and  AlxGai-xN  solid  solution  films  in  terms  of  their 
optoelectronic  properties.  Simple  UV  light  photon  detectors  have  been  produced  and  tested. 
Single  crystal  GaN  or  Alo.12Gao.88N  films  having  a  thickness  of  ~3000A  were  first  deposited 
on  a-SiC  and  sapphire  substrates  using  the  deposition  conditions  discussed  above.  A  lOOOA 
thick  A1  layer  was  then  in-situ  deposited  on  top  of  the  films  at  a  temperature  of  200®C.  The  top 
A1  layer  was  further  masked  and  etched  by  lithographic  techniques  to  form  interdigitated 
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electrode  configuration.  This  interdigtated  electrodes  had  a  l|im  spacing.  Figure  1  is  a 
schematic  illustration  of  a  devices  of  this  type.  Current-voltage  (FV)  measurements  in  both  dark 
and  illuminated  states  were  performed  to  characterize  these  devices.  A  500  W  high  pressure  Hg 
arc-lamp  with  a  collimating  lens  (Oriel  model  6285),  was  used  as  the  ultra-violet  illumination 
source.  Figure  2  shows  the  results  of  the  IV  characterization  for  three  of  the  photon  detectors 
fabricated  in  this  research. 


(a) 

Figure  1. 


interdigitated  electrodes 

Al,Gai.,N  epilayer 
substrate 

! 

a(6H)-SiC(0001) 

or 

sapphire  (0001) 


cross-section  of  the  detector 


(b)  SEM  picture  of  interdigitated  electrodes 


Schematic  illustration  of  the  photoconductive  photon  detector  devices  fabricated 
as  described  in  the  text 


These  results  show  that  all  three  detectors  exhibited  moderately  good  photoresponse  to  the 
UV  illumination.  The  gains  of  the  detectors,  defined  as 

G=  light  current  /  dark  current 

were  about  same;  10~20  at  a  bias  voltage  of  5  volts.  The  photocurrents  for  the  Alo.12Gao.88N 
detectors  were  much  larger  than  for  the  GaN  detector.  At  a  bias  voltage  of  5  volts,  a 
photocurrent  as  large  as  10  mA  was  obtained  for  the  Alo.12Gao.88N  detectors  deposited  on 
sapphire  substrates. 
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Figure  2.  FV  measurements  for  three  UV  light  photon  detectors  having  a  photoconducdve 
layer  of  (a)  GaN  on  sapphire;  (b)  Alo.12Gao.88N  on  sapphire(OOOl);  and  (c) 
Alo.12Gao.88N  on  a(6H)-SiC(0001). 


Recently,  we  have  found  in  our  research  that  the  crystalline  quality  of  undoped  GaN  films 
can  be  greatly  improved  by  eliminating  the  amorphous  interfacial  layer  between  the  substrates 
and  the  deposited  films.  The  resulting  films  exhibited  intrinsic  electrical  behavior.  The  details 
of  this  progress  have  been  reported  previously.  We  have  used  these  improved  films  for  the  UV 
light  photon  detectors  described  above.  Current-voltage  characterization  of  these  devices,  under 
both  illuminated  and  dark  environments,  indicated  that  at  a  bias  voltage  of  5  volts,  the  gain 
increased  to  as  high  as  ~170.  This  was  primarily  due  to  the  large  decrease  in  the  dark  current. 
In  addition,  the  photocurrent  increased  significantly. 
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D.  Summary 

Solid  solution  films  of  AlxGai-xN  have  been  successfully  deposited  using  a  modified  gas 
source  MBE  system.  Simple  UV  detectors  made  from  pure  GaN  and  AlxGai-xN  solid 
solutions  have  been  tested.  The  results  showed  that  III-V  nitrides  films  are  excellent  candidate 
materials  for  UV  photon  detectors.  However,  much  more  research  must  be  conducted  to  meet 
the  needs  of  device  designers. 

E.  Future  Research  Plan 

We  have  shown  that  AlxGai-xN  solid  solution  films  can  be  made  in  our  modified  gas 
source  MBE  system.  These  solid  solution  films  were  successfully  used  as  the  photoconductive 
material  in  the  photon  detectors.  To  achieve  higher  gain  in  the  photon  detectors,  these  films 
must  be  further  optimized.  The  crystal  quality  of  the  films  must  be  improved  in  concert  with 
their  application  in  photon  detector  devices.  In  addition,  more  device  properties,  such  as 
response  time  and  spectral  response,  will  be  determined. 

In  a  companion  section  in  this  report  we  show  that  we  can  produce  p-type  GaN  and  p-type 
Alo.i2Gao.88N  films.  With  this  ability,  we  will  concentrate  our  research  efforts  on  the 
fabrication  of  heterostructural  device.  Also  we  will  continue  to  study  the  deposition  and 
characterization  of  InN  films  to  determine  the  conditions  for  achieving  AlxIni-xN  solid  solution 
films  in  the  near  future. 
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III.  Deposition  via  MBE  of  Intrinsic  Undoped,  Magnesium  Doped 
p-type  and  Silicon  Doped  n-type  GaN  Films 

A.  Introduction 

During  last  three  decades,  the  growth  and  the  characterization  of  GaN  films  have  received 
considerable  attention  [1].  However,  until  recently,  the  application  of  this  material  in  terms  of 
devices  was  relegated  to  MIS  light  emitting  diodes  due  to  the  unsuccessful  deposition  of  p-type 
films.  To  date,  the  introduction  during  growth  of  acceptor-like  dopants,  such  as  Mg  and  Zn, 
resulted  only  in  compensation.  For  example,  the  electrical  properties  of  the  GaN  films  changed 
from  being  highly  conductive  n-type,  for  the  undoped  film  to  highly  resistive  for  the  acceptor- 
doped  films.  However,  recently  a  Japanese  research  group  observed  p-type  character  in  a 
Mg-doped  GaN  film  after  a  post-deposition  Low-Energy  Electron-Beam  Irradiation  (LEEBI) 
treatment  [2].  However,  to  date  there  is  no  explanation  for  this  phenomena.  In  order  to  make 
commercial  devices,  one  should  have  the  capability  to  activate  the  acceptor  dopants  in  GaN 
during  the  growth  and,  thus,  to  make  p-type  GaN  films  directly. 

In  this  report,  we  will  show  that  direct  deposition  of  p-type  GaN  films  has  been  achieved. 
We  have  found  that  improving  the  crystalline  quality  of  the  deposited  GaN  film  caused  its 
electrical  properties  to  change  from  a  highly  n-type  material  to  one  having  a  very  high 
resistance.  In  our  research,  this  was  accomplished  by  preventing  the  formation  of  a  thin 
amorphous  interfacial  layer  on  the  SiC  substrate  and  by  growing  a  AIN  buffer  layer  on  both  the 
SiC  and  the  sapphire  substrates.  Furthermore,  we  have  shown  for  the  first  time  that  as- 
deposited  p-type  GaN  films  can  be  produced  using  this  deposition  procedure. 

The  effect  of  Si  doping  has  also  been  investigated.  Only  films  deposited  on  sapphire  have 
been  doped  due  to  the  limited  supply  of  a-SiC  substrates.  Preliminary  results  indicated  that 
n-type  GaN  films  were  obtained  by  Si  doping.  The  resistivity  and  carrier  concentration  of  these 
films  were  =10-2  O  cm  and  ~6xl018  cm-3,  respectively. 

B.  Experimental  Procedure 

The  deposition  system  employed  in  this  research  was  a  commercial  Perkin-Elmer  430  MBE 
system.  This  system  consists  of  three  parts:  a  load  lock  (base  pressure  of  5x10-8  Torr),  a 
transfer  tube  (base  pressure  of  1x10*10  Torr),  which  also  was  used  for  degas  the  substrates, 
and  the  growth  chamber  (base  pressure  of  5xl0*H  Torr).  Knudson  effusion  cells  with  BN 
crucibles  and  Ta  wire  heaters  were  charged  with  7N  pure  Gallium,  6N  pure  aluminum,  6N 
pure  magnesium  and  6N  pure  silicon  respectively.  Ultra-high  purity  nitrogen,  further  purified 
by  a  chemical  purifier,  was  used  as  the  sources  gas.  And  it  was  excited  by  an  ECR  plasma 
source,  which  was  designed  to  fit  inside  the  2.25  inch  diameter  tube  of  the  source  flange 
cryoshroud.  The  details  of  the  system  can  be  found  elsewhere  [3]. 
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The  substrates  were  (0001)  oriented  a(6H)-SiC  and  epitaxial  quality  sapphire  wafers.  Prior 
to  loading  into  the  chamber,  the  a-SiC  substrates  were  cleaned  by  a  standard  degreasing  and 
RCA  cleaning  procedure.  The  sapphire  substrates  were  cleaned  using  the  following  procedure: 
degreasing  and  DI  water  rinse,  10  minutes  in  a  hot  solution  of  HP03:H2S04  with  1:1  ratio,  DI 
water  rinse,  finally  dip  in  1:10  solution  of  49%  HF;H20.  All  substrates  were  mounted  on  a  3- 
inch  molybdenum  block  and  loaded  into  the  system.  After  undergoing  a  degassing  procedure 
(700°C  for  30  minutes),  the  substrates  were  transferred  into  the  deposition  chamber.  Finally 
RHEED  was  performed  to  examine  the  crystalline  quality  of  the  surfaces  of  the  substrates. 

C.  Results 

Deposition  of  high  quality  undoped  GaN  films.  In  the  past,  single  crystal  GaN  films  have 
been  successfully  deposited  on  a  variety  of  substrates  using  the  NCSU  modified  gas  source 
MBE  system.  However,  the  resistivity  of  those  as-deposited  films  was  low,  and  they  exhibited 
an  n-type  character.  We  have  also  found  for  the  films  deposited  on  a-SiC  (0001)  substrates,  a 
thin  amorphous  silicon  nitride  layer  existed  at  the  interface  of  substrates  and  the  deposited  GaN 
films  [4].  This  resulted  from  the  interaction  of  activate  nitrogen  species  produced  in  the  ECR 
plasma  source  with  the  SiC  surface  prior  to  opening  the  Ga  or  A1  shutter  at  the  outset  of  the 
deposition.  The  RHEED  pattern  of  both  the  a-SiC  and  sapphire  substrates  changed  after  exposure 
to  the  nitrogen  plasma.  We  found  that  this  change  could  occur  for  exposure  to  the  nitrogen  plasma 
for  times  as  little  as  five  minutes. 

We  have  developed  the  following  technique  to  prevent  this  amorphous  interfacial  layer  from 
forming  on  the  substrate  surface.  The  procedure  involves  an  initial  exposure  of  the  substrate  to 
pure  A1  followed  by  the  exposure  of  this  A1  to  reactive  N.  During  this  time,  these  A1  layers 
reacted  with  the  plasma  activated  nitrogen  species  and  formed  an  AIN  layer.  The  details  of  re¬ 
acting  metal  A1  with  activated  N2  species  to  form  AIN  can  be  found  in  a  report  by  J.  A.  Taylor 
[5].  The  film  growth  was  subsequently  initiated  using  the  deposition  conditions  listed  in  the  Table  I. 


Table  I.  Deposition  Conditions  for  Undoped  GaN  Films 

Nitrogen  pressure 

2x10^  Torr 

Microwave  power 

SOW 

Gallium  cell  temperature 

990°C 

Aluminum  cell  temperature 

1120°C 

substrate  temperature 

650°C 

A1  layer 

2  monatomic  layer 

AIN  buffer  layer 

150~200A 

GaN 

4000-5000A 
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An  AIN  buffer  layer  having  a  thickness  of  about  150A  was  used  to  reduce  the  lattice 
mismatch  between  the  substrate  and  GaN  [6].  Reflection  High  Energy  Electron  Diffraction 
(RHEED)  and  SEM  were  performed  to  examine  the  quality  of  the  deposited  GaN  films. 
RHEED  patterns  taken  on  the  <2TT0>  azimuth  of  GaN  films  deposited  on  (C)001)-oriented 
a-SiC  and  sapphire  substrates  are  shown  in  Figure  1.  An  analysis  of  these  RHEED  patterns 
indicated  that  both  the  AIN  buffer  layer  and  the  GaN  film  are  monocrystalline  films.  The 
RHEED  pattern  of  the  final  surface  of  the  GaN  fijms  indicated  that  they  possessed  reasonable 
crystalline  quality  and  a  smooth  surface.  Kikuchi  lines  were  observed  on  the  RHEED  screen, 
but  can  not  be  photographed  due  to  the  low  contrast.  A  spotty  RHEED  pattern  was  obtained  for 
the  GaN  film  deposited  on  the  sapphire  substrate  due  to  sample  charging  of  the  resistive  film. 
This  is  also  discussed  below.  The  surface  morphology  of  the  films  was  also  examined  by 
SEM.  The  featureless  picture,  shown  in  Figure  2,  is  indicative  of  the  smooth  surface  of  the 
deposited  GaN  film  and  agreed  well  with  the  RHEED  pattern  results. 

Deposition  of  Mg-doped  GaN  films.  Based  on  above  results,  we  investigated  the 
incorporation  of  the  acceptor  dopant.  Mg,  into  the  films.  The  deposition  conditions  for  Mg- 
doped  GaN  films  were  same  as  that  for  undoped  GaN  films  described  before,  except  that  a 
Mg-source  was  used  in  the  deposition.  Table  II  lists  the  typical  deposition  conditions  for  Mg- 
doped  GaN  films. 


Table  II.  Deposition  Conditions  for  Mg-doped  GaN  Films 


Nitrogen  pressure 

2x10-4  Torr 

Microwave  power 

SOW 

Gallium  cell  temperature 

990'’C 

Aluminum  cell  temperature 

1120°C 

Magnesium  cell  temperatuie 

~300°C 

substrate  temperature 

650°C 

A1  layer 

2  monatomic  layer 

AIN  buffer  layer 

150~200A 

Mg-doped  GaN 

4000~5000A 
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(b)  (c) 

Figure  1.  RHEED  patterns  taken  in  the  <2TT0>  azimuth  of  a)  AIN  buffer  layer  on  a-SiC  sub¬ 
strate,  b)  GaN  film  on  AlN/a-SiC  substrate,  c)  GaN  film  on  AlN/sapphire  substrate. 


Figure  2. 


SEM  photograph  of  the  surface  of  an  undoped  GaN  film  deposited  on  a 
AlN/a-SiC  substrate. 


The  RHEED  patterns  of  the  Mg-doped  films  also  showed  features  indicative  of  good 
crystalline  quality.  The  representative  SEM  picture  in  Figure  3  shows  that  the  Mg-doped  GaN 
film  also  had  a  very  smooth  surface. 

Electrical  properties  of  undoped  and  Mg-doped  GaN  films.  The  electrical  properties  of  the 
films  have  been  characterized  using  the  van  der  Pauw  resistivity  measurement  technique  and 
Hall  effect  measurements.  Indium  was  used  as  the  electrical  contacts.  Current-voltage  (IV) 
measurements  were  first  performed  to  check  the  contact  character.  As  shown  in  Fig.  4(a),  the 
undoped  GaN  film  was  quite  resistive;  a  non-ohmic  IV  character  was  observed  after  a  voltage 
larger  than  15  volts  was  applied.  The  Mg-doped  GaN  films  was  much  more  conductive,  as 
shown  in  Fig.  4(b),  and  IV  measurements  of  the  contacts  indicated  ohmic  character.  It  is  clear 
from  this  point  that  eliminating  the  amorphous  interfacial  layer  at  the  substrate  surface  results  in 
a  dramatic  improvement  in  the  electrical  properties.  The  early  work  conducted  in  our  research 
group  showed  that  even  Mg-doped  GaN  made  at  that  time  possessed  a  non-ohmic  FV  character 
similar  to  that  of  the  undoped  GaN  films  made  in  this  reporting  period  [7].  Resistivity  and  Hall 
effect  measurements  were  performed  for  both  undoped  and  Mg-doped  GaN  films.  The  results 
were  summarized  in  the  Table  III.  Note  that  for  the  undoped  GaN  films,  the  highly  resistive 
character  made  the  electrical  measurements  very  difficult  By  contrast,  for  the  Mg-doped  GaN 
films,  a  p-type  conductive  character  was  identified,  and  the  measured  electrical  properties  were 
similar  to  those  recently  reported  for  the  low-energy  electron-beam  irradiation  (LEEBl)  treated 
Mg-doped  GaN  film  [2,8].  Furthermore,  the  p-type  conductive  character  of  the  Mg-doped 
films  were  also  identified  by  the  thermal-probe  method. 


Table  HI.  Electrical  Properties  of  Undoped  and  Mg-doped  GaN  Films 

films 

undoped  GaN 

Mg-doped  GaN 

resistivity  (Q  cm) 

>102 

0.3 

conductive  type 

X 

P-type 

mobility  (cm2/V -s) 

? 

~10 

carrier  concentration  (cm-3) 

<1016 

-1x1018 
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The  temperature  dependence  of  the  resistivity  for  a  p-type  Mg-doped  GaN  film  has  also 
been  measured.  The  results  are  shown  in  Figure  5.  The  resistivity  decreased  with  increasing 
temperature  due  to  the  increasing  ionization  of  the  Mg  acceptors. 

Mg-doped  GaN 


1000/T 

Figure  5.  Temperature  dependence  of  resistivity  for  a  Mg-doped  p-type  GaN  film. 

Growth  of  Si-doped  GaN  films  on  (0001)  sapphire  substrates.  Based  on  the  results  that 
undoped  GaN  films  were  highly  resistive,  we  have  investigated  the  incorporation  of  the  donor¬ 
like  dopant,  Si,  into  the  films  to  obtain  n-type  GaN  films.  The  Si-doping  process  was 
accomplished  in  the  same  manner  as  the  Mg-doping  described  above.  The  deposition 
conditions  for  producing  Si-doped  GaN  films  were  the  same  as  that  for  undoped  GaN  films, 
but  with  the  use  of  the  Si-source.  This  study  has  been  conducted  only  on  the  films  deposited 
on  (0001)  sapphire  substrates  due  to  the  limited  supply  of  a-SiC  substrates.  Table  IV  lists  the 
typical  deposition  conditions  employed  to  produce  these  films. 

The  Si-concentration  in  the  films  was  varied  by  controlling  the  Si-cell  temperature.  RHEED 
patterns  of  the  Si-doped  films  indicated  that  the  film  structure  changed  with  an  increase  in  the 
temperature  of  the  Si-cell.  Polycrystalline  RHEED  patterns  occurred  for  the  films  deposited 
with  Si-cell  temperatures  exceeding  1 180®C. 


13 


Table  FV.  Deposition  Conditions  for  Si-doped  GaN  Films 


Nitrogen  pressure 

2x10-4  Torr 

Microwave  power 

SOW 

Gallium  cell  temperature 

990°C 

Aluminum  cell  temperature 

1120°C 

Silicon  cell  temperature 

900-1 300°C 

substrate  temperature 

650°C 

A1  layer 

2  monatomic  layers 

AIN  buffer  layer 

150~200A 

Si-doped  GaN 

4000~5000A 

The  effect  of  Si  doping  on  the  electrical  properties  of  GaN  films  was  again  investigated 
using  the  van  der  Pauw  resistivity  measurement  and  Hall  effect  measurements.  It  was  found 
that  GaN  films  deposited  with  the  Si-cell  temperature  lower  than  1180®C,  were  still  very 
resistive.  When  the  Si-cell  temperatures  reached  1200°C  or  higher,  doped  GaN  films  became 
very  conductive,  with  a  resistivity  of  10-lQ  cm  or  less.  However,  each  of  these  films  showed 
a  polycrystalline  RHEED  pattern.  The  maximum  Si-cell  temperature  at  which  doped  GaN  films 
still  showed  a  single  crystal  RHEED  pattern  was  1 180®C. 

The  atomic  Si-concentration  in  the  films  was  characterized  by  SIMS  measurements  and 
compared  to  the  free  carrier  concentration  determined  by  Hall  effect  measurements.  It  was 
found  that  generally  in  these  Si-doped  GaN  films,  as  shown  in  Figure  6.  The  atomic  Si 
composition  was  about  two  orders  higher  than  the  free  carrier  concentration.  This  large 
concentration  of  inactive  Si  atoms  leads  to  the  degradation  of  the  crystal  quality  of  the  film 
resulting  finally  in  the  formation  of  polycrystalline  material.  We  subsequently  limited  the 
temperature  of  the  Si-cell  to  1 180°C.  The  typical  electrical  properties  of  the  Si-doped  GaN  films 
are  listed  in  the  Table  V. 
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Figure  6.  SIMS  proHle  for  the  Si  doped  GaN  film  deposited  at  the  Si-cell  temperature  of 
11  SOX. 


Table  V.  Electrical  Properties  of  Undoped  and  Si-doped  GaN  Films 

Si-doped  GaN 

Si-cell  temperature 

1180®C 

conductive  type 

N 

resistivity  (Q  llcm) 

31 

carrier  concentration  (cm-3) 

1.7x1017 

atomic  Si  concentration  (cm-3) 

2x1019 

As  indicated  above,  a  certain  concentration  of  the  atomic  Si  in  the  Hlms  was  electrically 
inactive.  To  further  activate  these  atomic  Si,  the  deposition  temperature  was  increased.  The 
results  shown  in  Table  VI  indicate  that  with  increasing  deposition  temperature  to  950®C,  the 
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deposited  films  became  more  conductive.  The  resistivity  decreased  to  0.02Q  cm,  and  the  free 
carrier  concentrations  increased  to  5.6xlOl8cm-3.  However  with  a  further  increase  in 
deposition  temperature  above  1050°C,  the  films  again  became  resistive.  RHEED  measurements 
indicated  that  the  films  deposited  at  temperature  of  lOOO^C  or  higher  had  very  rough  surfaces. 
Another  problem  also  occurred  at  high  deposition  temperature,  namely,  the  sample  surfaces 
were  contaminated  by  the  silver  paste  mounting  material. 


Table  VI.  Effect  of  Deposition  Temperature  on  Electrical  Properties  of  Si-doped  GaN  Films 

deposition  temperature 

resistivity  (Q  cm) 

carrier  concentration  (cm-3) 

650 

10.6 

1.7x1017 

850 

0.14 

4.3x1018 

950 

0.02 

5.6x1018 

1050 

too  resistive 
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We  have  also  investigated  another  way  to  activate  the  excess  atomic  Si.  In  this  approach  the 
growth  surface  was  exposed  to  a  UV  lamp  during  deposition,  while  keeping  the  substrate 
temperature  at  650°C.  The  lamp  was  a  500W  mercury  arc  lamp  that  was  installed  in  front  of  a 
sapphire  view  port  in  the  center  of  the  source  flange  and  oriented  normal  to  the  substrate.  The 
illumination  intensity  at  the  growth  surface  was  estimated  at  about  0.4  W/cm2  [8].  Preliminary 
studies  have  shown  that  under  the  same  deposition  conditions,  the  resistivities  decreased  from 
10.6  Q  cm  for  a  film  deposited  without  the  lamp  illumination  to  about  0.03  Q-cm  for  a  film 
deposited  with  the  lamp  illumination;  the  free  carrier  concentration  increased  from  1.7x10^2 
cm-3  to  about  3.7x1018  cm-3. 

Electron  Microscopy  Characterization  of  Films.  The  microstructures  of  the  films  discussed 
in  this  report  were  further  characterized  by  scanning  electron  microscopy  (SEM)  and 
transmission  electron  microscopy  (TEM).  SEM  was  performed  in  a  Hitachi  S-800  SEM  with 
a  field  emission  gun.  The  samples  were  coated  with  a  thin  conductive  layer  of  carbon  to  avoid 
charging  effects.  Carbon  was  deposited  on  a  different  area  of  the  sample  than  that  used  for 
preparation  of  TEM  samples.  Unless  otherwise  noted,  TEM  was  performed  in  a 
JEOL4000EX  operated  at  400kV,  High  Resolution  images  were  recorded  using  a  Imr 
convergence  semi-angle  at  Scherzer  defocus  (~  -47nm).  Cross-sectional  transmission  electron 
microscopy  (XTEM)  samples  were  prepared  using  standard  techniques. 
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As  described  earlier,  high  quality  undoped  GaN  films  have  been  achieved  by  eliminating 
the  interfacial  amorphous  layer.  The  small  dimensional  features  in  the  surface  morphology  in 
the  SEM  image  of  the  film  deposited  with  the  AIN  buffer  layer,  shown  in  Figure  7,  indicated  a 
smooth  surface  of  the  deposited  GaN  film  and  agreed  well  with  the  RHEED  pattern  results. 
However,  high  resolution  TEM  results  revealed  the  films,  deposited  on  both  a-SiC  and 
sapphire  substrates,  had  a  columnar  structure,  as  shown  in  Figure  8,  although  the  RHEED 
patterns  indicated  single  crystal  material.  This  contradiction  is  due  to  the  very'  high  degree  of 
preferred  orientation  of  the  columns.  The  defects  creating  the  columnar  structure  appear  to 
originate  at  the  AlN/SiC  interface:  however,  they  increase  in  number  at  the  GaN/AlN  interface. 
TEM  also  revealed  a  rough  interface  between  the  AIN  and  GaN  layers,  as  shown  in  Figure  8. 


Figure  7.  SEM  micrograph  of  the  undoped  GaN  film. 


The  growth  of  high  quality,  single  crystal  films  of  AIN  has  been  achieved  on  a-SiC 
substrates  at  higher  deposition  temperatures  (~1I(X)°C)  in  other  research  in  our  group  [9]. 
Therefore,  in  an  attempt  to  eliminate  the  columnar  structure,  we  have  deposited  the  thin  AIN 
buffer  layer  at  a  higher  temperature  (1 100°C),  followed  by  the  deposition  of  GaN  at  650°C. 
The  SEM  analysis  showed  very  small  surface  features;  although,  XTEM  revealed  that  the  film 
again  consisted  of  a  columnar  structure.  No  apparent  improvement  was  gained  from  the 
increase  in  deposition  temperature  of  the  buffer  layer. 

Because  there  was  an  increase  in  the  number  of  defects  at  the  GaN/AlN  interface,  the 
effects  of  the  deposition  of  GaN  films  on  a-SiC  substrates  without  the  aide  of  a  buffer  layer 
was  investigated  at  650°  C.  A  columnar  morphology  was  also  observed.  It  was  initiated  at  the 
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Figure  8(b).  TEM  micrograph  of  the  undoped  GaN  films  on  (b)  a-SiC  substrates. 
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SiC/GaN  interface.  The  cause  of  the  columnar  structure  is  possibly  the  lattice  mismatch 
between  the  GaN  and  the  a-SiC  substrate. 

Though  AIN  has  been  used  as  a  buffer  layer  between  GaN  and  the  substrates  by  most 
research  groups,  there  is  still  a  2.4%  lattice  mismatch  at  the  GaN/AlN  interface,  which  could 
cause  the  formation  of  the  columnar  structure.  To  avoid  this  lattice  mismatch,  we  attempted  the 
deposition  of  a  compositionally  graded  buffer  layer  subsequent  to  the  growth  of  the  pure  AIN 
film.  The  goal  was  to  continuously  change  the  composition  of  this  layer  from  pure  AIN  to  pure 
GaN.  This  layer  was  followed  by  the  deposition  of  a  GaN  film.  The  SEM  micrograph  of  this 
film,  shown  in  Figure  9,  reveals  a  rough  surface  which  is  indicative  of  a  polycrystalline 
material.  XTEM  analysis  confirmed  the  polycrystalline  nature  of  the  film,  as  shown  in 
Figure  10.  Selected  area  diffraction  (SAD)  reveals  that  the  GaN  is  first  deposited  in  the 
wurtzite  structure  but  converts  to  a  cubic  structure  as  deposition  is  continued.  This  is  very 
likely  due  to  the  action  of  the  numerous  stacking  faults.  This  micrograph  also  shows  that  there 
was  an  abrupt  change  from  the  AIN  to  the  GaN  instead  of  a  gradually  graded  layer.  This  is 
very  likely  caused  by  the  much  stronger  attraction  of  A1  to  N  than  the  attraction  of  Ga  to  N. 
Funher  research  will  attempt  to  improve  the  deposition  of  the  graded  layer. 


Figure  9.  SEM  image  of  an  undoped  GaN  film  deposited  with  a  graded  AlxGai.xN  layer. 

By  comparison  to  chemical  vapor  deposition  (CVD)  in  which  the  growth  temperature  for 
GaN  films  is  as  high  as  1200°C,  our  modified  gas  source  MBE  technique  employs  a  much 
lower  deposition  temperature  (650°C).  Subsequent  growth  examined  the  effects  of  depositing 
both  the  buffer  layer  and  the  GaN  film  at  higher  temperatures  (11()0°C).  XTEM  analysis 
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Figure  10.  TEM  micrograph  of  an  undoped  GaN  film  with  a  graded  AlxGai.jN  layer. 

revealed  that  the  GaN  portion  of  the  film  was  no  longer  continuous.  From  these  preliminary 
results,  it  is  tentatively  believed  that  the  plasma  may  be  etching  the  growth  surface  as  the  film  is 
being  deposited,  particularly  at  these  high  temperatures.  This  would  create  a  rough  surface  in 
which  defects  easily  form  and  a  columnar  structure  results.  Further  investigation  is  needed  to 
study  the  effects  of  ECR  plasma  source  on  the  structure  of  deposited  films.  It  may  also  be  that 
at  the  much  lower  beam  pressures  used  in  MBE  (10^-10*5  Torr)  relative  to  CVD  (1  atm),  the 
GaN  is  unstable  to  thermal  evaporation. 

D.  Discussion 

Undoped  GaN  films,  made  by  different  groups  or  by  different  deposition  techniques,  have 
been  almost  universally  reported  to  be  conductive  and  to  exhibit  n-type  conductive  character. 
By  contrast,  as-deposited  Mg-doped  GaN  films  resulted  only  in  being  compensated  and  were 
very  resistive.  No  as-deposited  p-type  GaN  films  had  been  reported,  though  a  Japanese 
research  group  had  reported  that  p-type  conductive  character  is  observed  on  Mg-doped  GaN 
films  exposed  to  post-deposition  low-energy  electron-beam  irradiation  [2].  Thus,  the  question 
is  raised  as  to  why  p-type  GaN  films  can  not  be  deposited  directly.  Moreover,  what  prohibits 
the  activation  of  an  acceptor  dopant?  Finally,  is  the  LEEBI  treatment  the  only  way  to  produce 
p-type  GaN  films  and,  if  so,  why?  Answers  for  these  arc  far  from  clear  yet  at  this  time. 

Recently  S.  Nakamura  et.  al.  postulated  from  experimental  evidence  that  the  acceptor  (e.g. 
Mg)-H  neutral  complexes  formed  in  as-deposited  Mg-doped  GaN  films  and  were  responsible 
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for  the  unsuccessful  p-type  doping.  In  addition,  these  complexes  were  decomposed  by  a  low- 
energy  electron-beam  irradiation  treatment.  This  resulted  in  the  activation  of  the  acceptor  dopant 
and  the  achievement  of  p-type  doping  [10].  However,  as  yet  they  have  provided  no  chemical 
evidence  for  the  existence  of  hydrogen  in  their  GaN  films.  We  believe  that  the  deactivation  of 
the  acceptor  dopants  in  the  GaN  films  may  also  be  related  to  the  existence  of  a  large  density  of 
defects,  which  could  trap  these  dopants.  Some  of  the  dopant  atoms  may  be  weakly  bonded  to 
these  defects.  The  LEEBI  treatment,  breaks  these  weak  bonds  and  results  in  the  activation  of 
the  acceptor  dopants. 

Our  research  group  has  shown  previously  [7]  that,  even  under  the  best  deposition 
conditions,  undoped  GaN  films  were  still  conductive  and  n-type  while  Mg-doped  GaN  films 
were  very  resistive.  Some  changes  were  also  observed  after  our  LEEBI  treatment,  but  they 
were  not  as  dramatic  as  the  Japanese  have  reported.  In  contrast  to  these  early  research  results, 
our  recent  work  has  shown  that  by  eliminating  the  amorphous  interfacial  layer  between  the 
substrates  and  the  deposited  films,  the  crystalline  quality  of  the  deposited  GaN  film  can  be 
greatly  improved.  In  this  way,  deposited  undoped  GaN  films  become  intrinsic,  while  Mg- 
doped  GaN  films  become  p-type  films.  This  is  the  further  evidence  that  unsuccessful  p-type 
doping  in  prior  research  in  other  laboratories  was  mainly  due  to  the  existence  of  electrically 
activated  micro-structural  defects  in  the  deposited  films. 

It  also  should  be  pointed  out  that  although  as-deposited  p-type  GaN  films  can  be  produced, 
the  hole  mobility  is  quite  low.  Thus,  is  low  hole  mobility  an  intrinsic  property  of  GaN  films  or 
is  it  caused  by  their  poor  microstructural  quality?  It  is  well  known  that  the  lack  of  lattice 
matched  substrate  materials  for  GaN  make  heteroepitaxy  quite  difficult.  A  large  amount  of 
lattice  mismatch  still  exists  even  when  AIN  is  used  as  a  buffer  layer.  We  believe  that  micro- 
structural  defects  related  to  the  lattice  mismatch  can  be  further  reduced  if  we  can  find  the  “right” 
substrates,  such  as  using  a  graded  AlxGai-xN  solid  solution  as  a  buffer  layer.  Furthermore, 
from  our  high  resolution  TEM  work  presented  in  this  report,  we  have  found  that  the  undoped 
GaN  films  possess  the  columnar  structure,  and  the  columnar  structure  definitely  contains  a 
high  density  of  defects  which  may  be  the  cause  of  the  low  carrier  mobility.  No  other 
researchers  have  presented  TEM  data  that  is  necessary  to  determine  the  effects  of  columnar 
structure  on  possible  device  fabrication. 

E.  Conclusions 

We  have  shown  that  in  the  use  of  our  modified  gas  source  MBE  system,  a  thin  amorphous 
layer  was  formed  on  the  surfaces  of  the  SiC  and  sapphire  substrates  during  exposure  to  the 
nitrogen  plasma  prior  to  the  deposition  of  the  AIN  or  GaN  films.  This  was  prevented  by 
exposing  the  substrate  to  an  A1  or  Ga  flux  sufficient  to  deposit  a  submonolayer  of  metal  prior  to 
starting  the  nitrogen  plasma.  As  a  result,  the  undoped  GaN  films  showed  intrinsic  electrical 


22 


character  and  were  very  resistive.  Furthermore,  by  in-situ  incorporation  of  Mg  into  the  films, 
as-deposited,  p-type  GaN  films  were  produced  for  the  first  time.  These  latter  films  had  a 
resistivity  =  0.5  Q  cm,  a  Hall  mobility  =  10  cm2A^-s  and  a  carrier  concentration  of  1x1018 
cm-3,  respectively.  Si-doped  n-type  GaN  films  have  also  been  achieved. 


F.  Future  Research  Plans 

As  noted  in  the  Discussion  Section  of  this  report,  a  graded  AlxGai-xN  solid  solution  may 
also  be  chosen  as  the  buffer  layer  for  the  homoepitaxy  of  GaN.  Therefore,  some  of  our  future 
efforts  will  involve  the  growth  of  a  good  quality  graded  AlxGai-xN  solid  solution  buffer  layer. 
The  purpose  of  this  study  will  be  to  improve  the  microstructure  and  carrier  mobility  of  the 
deposited  GaN.  The  growth  of  n-  and  p-type  GaN  films  will  be  further  investigated.  Also  the 
cause  of  the  columnar  structure  in  the  films  will  be  further  investigated  and  eliminated. 
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IV.  Deposition  of  GaN  by  Atomic  Layer  Epitaxy 


A.  Intrcxiuction 

Atomic  layer  epitaxy  (ALE)  is  the  sequential  chemisorption  of  one  or  more  elemental 
species  or  complexes  within  a  time  period  or  chemical  environment  in  which  only  one 
monolayer  of  each  species  is  chemisorbed  on  the  surface  of  the  growing  film  in  each  period  of 
the  sequence.  The  excess  of  a  given  reactant  which  is  in  the  gas  phase  or  only  physisorbed  is 
purged  from  the  substrate  surface  region  before  this  surface  is  exposed  to  a  subsequent 
reaction.  This  latter  reactant  chemisorbs  and  undergoes  reaction  with  the  first  reactant  on  the 
substrate  surface  resulting  in  the  formation  of  a  solid  film.  There  are  essentially  two  types  of 
ALE  which,  for  convenience,  shall  be  called  Type  I  and  Type  H. 

In  its  early  development  in  Finland,  the  Type  I  growth  scenario  frequently  involved  the 
deposition  of  more  than  one  monolayer  of  a  given  species.  However,  at  that  time,  ALE  was 
consided  possible  only  in  those  materials  wherein  the  bond  energies  between  like  metal  species 
and  like  nonmetal  species  were  each  less  than  that  of  the  metal-nonmetal  combination.  Thus, 
even  if  multiple  monolayers  of  a  given  element  were  produced,  the  material  in  excess  of  one 
monolayer  could  be  sublimed  by  increasing  the  temperature  and/or  waiting  for  a  sufficient 
period  of  time  under  vacuum.  Under  these  chemical  constraints,  materials  such  as  GaAs  were 
initially  thought  to  be  improbable  since  the  Ga-Ga  bond  strength  exceeds  that  of  the  GaAs  bond 
strength.  However,  the  self-limiting  layer-by-layer  deposition  of  this  material  proved  to  be  an 
early  example  of  Type  II  ALE  wherein  the  trimethylgallium  (TMG)  chemisorbed  to  the 
growing  surface  and  effectively  prevented  additional  adsorption  of  the  incoming  metalorganic 
molecules.  The  introduction  of  As,  however  caused  an  exchange  with  the  chemisorbed  TMG 
such  that  a  gaseous  side  product  was  removed  from  the  growing  surface.  Two  alternating 
molecular  species  are  also  frequently  used  such  that  chemisorption  of  each  species  occurs 
sequentially  and  is  accompanied  by  extraction,  adstraction  and  exchange  reactions  to  produce 
self-limiting  layer-by-layer  growth  of  an  element ,  solid  solution  or  a  compound. 

The  Type  II  approach  has  been  used  primarily  for  growth  of  II- VI  compounds  [1-13]; 
however,  recent  studies  have  shown  that  it  is  also  applicable  for  oxides  [14-18],  nitrides  [19], 
III-V  GaAs-bascu  semiconductors  [20-33]  and  silicon  [34-36].  The  advantages  of  ALE 
include  monolayer  deposition  control,  growth  of  abrupt  p-n  junction  interfaces,  growth  of 
uniform  and  graded  solid  solutions  with  controlled  compositions,  reduction  in  macroscopic 
defects  and  uniform  coverage  over  large  areas.  A  commercial  application  which  makes  use  of 
the  last  attribute  is  large  area  electroluminescent  displays  produced  from  II-VI  materials.  Two 
comprehensive  reviews  [37,6],  one  limited  overview  [38]  and  a  book  [39]  devoted  entirely  to 
the  subject  of  ALE  have  recently  been  published. 
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The  potential  semiconductor  and  optoelectronic  applications  of  ni-V  nitrides  has  prompted 
significant  research  in  thin  film  growth  and  development.  The  materials  of  concern  in  this 
section  are  GaN,  currently,  and  other  III-V  nitrides,  for  future  studies.  Because  GaN  in  the 
wurtzite  structure  with  a  bandgap  of  3.4  eV  [40]  forms  continuous  solid  solutions  with  both 
AIN  and  InN,  for  example,  which  have  bandgaps  of  6.2  eV  [41]  and  1.9  eV  [42],  respectively, 
engineered  bandgap  materials  could  result  in  optoelectronic  devices  active  from  the  visible  to 
deep  UV  frequencies  [43]. 

To  produce  the  desired  nitride  films,  the  ALE  deposition  technique  has  been  implemented. 
The  equipment  and  procedures  used  in  the  current  ALE  deposition  of  GaN  will  be  discussed 
here.  The  results  to  date,  conclusions  and  plans  for  future  work  are  also  included. 

B.  Experimental  Procedure 

Substrate  Cleaning.  The  appropriate  substrate  cleaning  technique  is  obviously  dependent  on 
the  type  of  substrate  being  used  for  ALE  deposition.  Table  I  lists  some  substrate  types  and 
their  compatible  cleaning  requirements  used  during  this  research.  The  exact  crystal  orientation 
of  the  substrates  used  can  be  found  in  Table  H. 


Table  I.  Substrate  Cleaning  Techniques 

Substrate 

Cleaning  Technique 

Si  wafer 

Modified  RCA  procedure 

Oxidized  SiC  wafer 

20%  HF  (lOmin),  then  10%  HE  (5min) 

Other  SiC  wafer 

Modified  RCA  procedure 

Modified  RCA  procedure:  lOmin  @  70°C  NH4OH:  H2O2:  DI H2O 
(1:1:5  ratios);  then  DI  H2O  rinse;  then  lOmin  @  70°C  HCl:  11202:  DI 
H2O  (1:1:5  ratios);  then  DI  H2O  rinse;  then  5min  10%HF 


Deposition  Procedure.  Initially,  the  substrate  is  loaded  onto  the  SiC-coated,  graphite 
susceptor  with  variable  speed  adjustment.  The  susceptor  should  be  raised  to  its  deposition 
height  in  the  reactor  chamber,  approximately  one  inch  below  the  gas  inlet  lines.  High  vacuum 
conditions  of  ~  5x10-6  Torr  are  reached  in  the  chamber  before  starting  dcpostion. 
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The  ALE  reactor  design  utilizes  a  continuously  rotating  susceptor  arrangement  (Figure  1). 
Thus,  from  the  diagram,  as  the  susceptor  rotates,  the  substrate  is  alternately  exposed  to  the 
metalorganic  (MO)  gas,  the  H2  curtain  gas,  and  the  nitrogen  source  gas  (ammonia  -  NH3)  in  a 
constant  cycle.  The  preference  of  an  organometallic  Ga  source  over  a  chloride  source  resulted 
from  higher  purity  material  being  available  and  the  fact  that  transport  of  the  Ga  species  is  easier 
with  metalorganics  [43].  For  the  GaN  growth,  triethylgallium  (TEG)  was  chosen  over 
trimethylgallium  (TMG)  because  of  its  lower  decomposition  temperature  range  [44], 


H2  curtain  gas  NH3  H2  MO  gas  H2 


Figure  1.  Susceptor  design. 

Mass  Flow  Meters  and  compatible  Mass  Flow  Controllers  are  utilized  to  regulate  the  flow 
of  all  gases  into  the  reactor  chamber.  Once  these  devices  are  flowing  the  setpoint  levels  of 
gases  and  the  RF  induction  heating  coils  have  stabilized  the  susceptor  at  the  prescribed 
deposition  temperature,  rotation  of  the  susceptor  can  begin.  This  rotation  should  begin  from 
under  the  H2  inlet  line  before  the  MO  inlet  line.  Before  the  substrate  sweeps  under  the  H2  line 
after  the  MO  line,  the  W-filament  used  in  cracking  the  ammonia  into  elemental  hydrogen  and 
nitrogen  should  be  stabilized  at  the  desired  "cracking"  temperature. 

Once  rotation  and  thus  deposition  begins,  several  system  variables  must  be  monitored. 
They  include  cooling  water  flow,  all  gas  flow  rates,  system  and  MO  bubbler  pressures. 
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susceptor  and  W-filament  temperatures,  and  rotation.  Under  normal  operating  procedures, 
these  variables  remain  nearly  constant,  but  because  of  their  obvious  importance,  they  must  be 
monitored  to  maintain  deposition  uniformity.  Table  11  below  lists  the  various  system  variables 
for  each  ALE  run  attempted. 


Table  11.  Deposition  Variables 


System 

Variables 

#1 

Run# 

#2 

#3 

#4 

#5 

Substrate 

Si* 

Si  * 

Si  * 

SiC  ** 

SiC  ** 

Initial  Press. 

lxlO‘5  Ton- 

1x10-5 

6x10-6 

6x10-6 

5x10-6 

Run  Pressure 

3.8-4. 1  Torr 

3.8-3.9 

4.0-4.3 

4.1-4.3 

4.0-4.3 

Bubbler  Temp. 

74.0°F 

69.6 

69.6 

69.6 

61.0 

Bubbler  Press. 

~  530  Ton- 

-750 

-750 

-750 

-750 

TEG  Part.  Press.*** 

5.36  Torr 

4.65 

4.65 

4.65 

3.49 

H2  flow 

~  325  seem 

-325 

-325 

-325 

-325 

NH3  flow 

100  seem 

100 

100 

100 

100 

H2  carrier  gas  flow 

30  seem 

28 

28 

28 

28 

TEG  flow  *** 

0.306  seem 

0.175 

0.175 

0.175 

0.131 

W-filament  Temp. 

1410°C 

1420 

1460 

1475 

1475 

Susceptor  Temp. 

658°C 

636 

637 

637 

637 

rpm's 

0.4  rpm 

0.44 

1.0 

1.0 

1.0 

Run  Time 

90  minutes 

130 

180 

150 

150 

*  Si  (100)  3°  off-axis  toward  [01 1] 

**  a(6H)-SiC  (0001)  3°  off-axis  toward  [1120] 

See  equations  below  for  calculation  of  these  values 
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C.  Results 

Initially,  in  Run  #1  only  a  predominantly  gallium  metal  film  was  deposited  with  a  visibly 
rough  surface  texture.  For  Run  #2,  the  parameters  were  adjusted  (see  Table  II)  to  reduce  the 
flow  of  TEG  into  the  reactor  chamber.  The  resulting  film  when  analyzed  using  reflected  high 
energy  electron  diffraction  (RHEED)  appeared  to  be  highly  non-oriented  polycrystalline  GaN 
with  ,  once  again,  a  rough  surface  area.  In  Run  #3  the  rotation  speed  was  increased  to  reduce 
the  exposure  time  of  the  substrate  to  the  gallium  source  gas.  Visible  surface  roughness 
decreased  only  slightly.  Also,  RHEED  only  revealed  ring  patterns  but  no  spots,  indicating 
growth  of  polycrj’stalline  material.  For  Run  #4,  a  SiC  substrate  was  used  keeping  all  other 
variables  constant.  Using  RHEED,  spot  patterns  (an  indication  of  a  monocr>'Stalline  structure) 
resulted,  but  no  Kikuchi  lines  were  present.  In  Run  #5  a  SiC  substrate  was  used,  but  the  partial 
pressure  of  TEG  in  the  bubbler  was  reduced  by  25%  to  lessen  the  amount  of  TCG  entering  the 
reactor  from  0.175  seem  to  0.131  seem.  The  deposited  film,  using  RHEED,  showed  sharp 
diffraction  spots  but  still  no  Kikuchi  lines  (Figure  2).  But  ultimately,  layer-by-layer  deposition 
of  monocrystalline  GaN  on  SiC  has  been  achieved. 


(2110)  Reflection 


Figure  2.  RHEED  pattern  for  GaN  deposited  on  a(6H)-SiC  at  637°C. 

D.  Discussion 

The  gallium  metal  deposited  during  Run  #1  was  the  resultant  of  excessive  TEG  entering  the 
reactor.  Note  from  Table  II  the  higher  bubbler  temperature,  higher  TEG  partial  pressure  and 
lower  total  bubbler  pressure  yielding  this  result.  TEG  levels  were  subsequently  reduced  in 
Run  #2  by  decreasing  the  bubbler  temperature  (i.e.  reducing  TEG  partial  pressure)  and 
increasing  bubbler  pressure.  The  following  equations  were  used  to  predict  the  partial  pressure 
of  TEG  and  its  actual  flow  rate  into  the  reactor  chamber. 
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log  PCTEG)  =  8.224  -  2222/T(Bubbler) 

F(TEG)  =  {F(H2)  X  P(TEG)}/{P(Bubbler)-P(TEG)} 

where:  P(TEG)  =  partial  pressure  of  TEG  in  Torr 
T(Bubbler)  =  Bubbler  temperature  in  Kelvin 
F(TEG)  =  TEG  flow  rate  in  seem 
F(H2)  =  H2  earlier  gas  flow  rate  in  seem 
P(Bubbler)  =  Bubbler  pressure  in  Torr 

TEG  eoneentrations  were  further  redueed  in  Run  #3  by  inereasing  the  rotation  speed.  It  was 
eoneluded  that  redueing  the  TEG  levels  aided  in  produeing  polyerystalline  GaN,  but  a  rough 
surfaee  texture  eontinued.  The  lattiee  and  eoeffieient  of  thermal  expansion  mismatehes  between 
the  substrate,  Si  (100),  and  the  GaN  film  eontributed  to  the  polyerystalline  growth  in  Runs  #2 
and  #3.  These  differenees  are  shown  in  Table  ID.  For  Runs  #4  and  #5  the  substrate  used  was 
SiC.  The  more  eompatible  lattiee  and  eoeffieient  of  thermal  expansion  values  aided  in  the 
monoerystalline  growth  of  GaN  as  revealed  by  RHEED.  However,  it  is  apparent  that  the  Ga 
is  not  being  deposited  in  a  self-limiting  manner,  but  rather  by  a  layer-by-layer  meehanism.  It  is 
believed  that  the  rough  surfaee  on  the  deposited  films  may  be  “pools”  of  exeess  Ga  or  small 
island  nueleations  of  GaN  on  the  surfaee.  Seanning  eleetron  mieroseopy  (SEM)  will  be  utilizes 
to  determine  the  exaet  nature  of  the  surfaee  roughness.  Slightly  exeessive  eoneentrations  of  Ga 
are  still  thought  to  be  entering  the  reaetor. 


Table  HI.  Physieal  properties  of  GaN  and  potential  substrate  material  [45] 


Material 

Lattice  parameter 
a  (A)  c  (A) 

Coefficient  of  thermal 
expansion  (K‘l) 

GaN 

3.189 

5.185 

5.59x10-6 

3.17x10-6 

Si 

5.43 

3.59x10-6 

a(6H)-SiC 

3.08 

15.12 

4.2x10-6 

4.7x10-6 

E.  Conelusions 

The  effects  of  reducing  the  concentration  of  TEG  entering  the  reactor  chamber  reveal  that 
deposition  does  not  occur  in  a  self-limiting  manner,  but  rather  in  a  layer-by-layer  mechanism. 
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Thus,  it  is  believed  that  layer-by-layer  deposition  resulting  in  monocrystalline  GaN  has  been 
achieved  using  the  described  deposition  procedure.  Further  analysis  will  determine  the  quality 
of  the  films  deposited. 

F.  Future  Research  Plans/Goals 

Existing  films  will  be  further  analyzed  to  determine  the  nature  of  the  surface  roughness. 
Also,  determination  of  the  defect  density  using  Transmission  electron  microscopy  (TEM)  has 
not  yet  been  achieved.  The  stoichiometry  of  the  GaN  needs  to  be  investigated  to  reveal  the 
compositions  of  the  deposited  films.  Thus,  the  input  levels  of  the  reactant  species  can  be 
properly  controlled  to  create  the  best  stoichiometric  films.  Also,  because  there  is  growth  per 
cycle  instead  of  a  tradidonal  growth  rate,  the  rotation  speed  of  the  susceptor  should  be  increase 
to  quicken  the  layer-by-layer  deposition  process.  Film  depth  versus  rotational  time  correlations 
must  be  obtained  to  verify  a  true  layer-by-layer  process.  Once  monocrystalline  GaN  can  be 
grown  repetitively,  attempts  will  be  made  to  deposit  different  III-V  nitride  films  in  layers  and 
finally  in  continuous  solid  solutions. 
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V.  Luminescence  of  III-V  Nitrides — Development  of  a  Laboratory 


A.  Introduction 

Luminescence  is  the  emission  of  photons  due  to  excited  electrons  in  the  conduction  band 
decaying  to  their  original  energy  levels  in  the  valance  band.  The  wavelength  of  the  emitted  light 
is  directly  related  to  the  energy  of  the  transition,  by  E=hv.  Thus,  the  energy  levels  of  a 
semiconductor,  including  radiative  transitions  between  the  conduction  band,  valance  band,  and 
exciton,  donor,  and  acceptor  levels,  can  be  measured.  [1,2] 

In  luminescence  spectroscopy  various  methods  exist  to  excite  the  electrons,  including 
photoluminescence  (photon  excitation),  and  cathodoluminescence  (electron-beam  excitation).  In 
each  technique  signal  intensity  is  measured  at  specific  wavelength  intervals  using  a 
monochrometer  and  a  detector.  The  intensity  versus  wavelength  (or  energy)  plot  can  then  be 
used  to  identify  the  characteristic  energy  band  gap  and  exciton  levels  (Intrinsic  luminescence)  of 
the  semiconductor,  and  the  defect  energy  levels  (extrinsic  luminescence)  within  the  gap.[l] 

Both  photo-  and  cathodoluminescence  analysis  has  been  performed  on  AIN,  GaN,  and 
AlxGai-xN  semiconductors. [3-8]  Much  of  the  work  has  been  in  measuring  the  low  temperature 
GaN  luminescence  peaks.  Work  on  AIN  has  been  limited  by  the  energy  gap  of  6.2  eV,  which 
corresponds  to  a  wavelength  (200  nm)  that  is  lower  than  most  of  the  optical  light  sources.  An 
excimer  laser  using  the  ArF  line  (193  nm)  can  be  used,  but  caution  must  be  taken  when  operating 
at  these  wavelengths. 

Few  time-resolved  luminescence  measurements  have  been  performed  on  AIN  and  GaN.  In  a 
time-resolved  measurement  a  pulsed  source  is  used  to  excite  the  sample,  and  the  luminescence  is 
measured  at  short  sampling  intervals  after  the  pulse.  The  result  is  an  intensity  vs.  time  plot. 
Time  resolved  spectroscopy  is  useful  for  separating  the  emission  bands  of  the  investigated 
samples  with  different  decay  times.  It  is  often  used  to  measure  donor-acceptor  recombination 
rates  and  minority  carrier  lifetiiTies.[l] 

Depth-resolved  information  can  be  obtained  using  cathodoluminescence,  since  generation 
depth  varies  with  beam  voltage.  This  technique  is  particularly  useful  for  studying  ion  implanted 
semiconductors  and  layered  structures.[l] 

B.  Future  Research  Plans/Goals 

A  combined  photo-  and  cathodoluminescence  system  is  currently  being  assembled.  A 
schematic  view  is  shown  in  Figure  1,  and  a  block  diagram  is  shown  in  Figiue  2.  The  sample 
will  be  in  a  UHV  chamber,  and  the  monochrometer  and  collection  optics  will  be  in  a  vacuum 
environment  The  sample  will  be  attached  to  a  ciyostat  from  APD  cryogenics,  which  will  allow 
for  luminescence  measurements  down  to  4.2  K.  The  monochrometer  is  a  McPherson  model  219 
vacuum  monochrometer.  Its  focal  length  is  .5  m,  with  a  wavelength  resolution  of  .04  nm  at 
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313.1  nm.  Two  optical  sources  and  a  beam  blanking  electron  gun  will  be  used  as  the  excitation 
sources.  A  He-Cd  laser  will  first  be  used;  it  is  a  continuous  wavelength  laser  that  operates  at 
wavelengths  of  325  nm  and  442  nm.  A  pulsed  excimer  laser  is  the  other  optical  source;  it 
operates  at  wavelengths  of  193  nm  (6.4  eV),  248  nm  (5.0  eV),  and  308  nm  (4.0  eV);  and  so  it 
can  be  used  to  measure  the  luminescence  of  AIN. 

The  beam  blanking  capability  of  the  electron  gun  will  make  it  possible  to  do  time-delay 
studies  of  the  semiconductors.  A  boxcar  integrator  will  be  used  to  collect  the  data.  The  electron 
gun  will  have  maximum  beam  voltage  of  15  keV,  making  it  possible  to  perform  depth-resolved 
spectroscopy. 

Cathodoluminescence  in  the  TEM  will  also  be  performed  on  the  nitride  films  through  a 
collaboration  with  Dr.  Roger  Graham  at  Arizona  State  University.  In  the  TEM  environment  the 
luminescence  from  individual  defects  can  be  examined,  and  hence  the  source  of  extrinsic 
luminescence  peaks  can  be  identified. 

The  optical  properties  of  the  nitride  films  will  be  examined  through  a  collaboration  with  Dr. 
Roger  H.  French  of  Du  Pont.  Reflectance  and  transmission  measurements  in  the  visible  to  the 
vacuum  ultraviolet  light  range  (  E  >  40  eV)  are  possible.  Optical  transmission  measurements 
probe  the  fundamental  absorption  edge  and  determine  the  optical  band  gap  energy.  Reflectance 
measurements  are  useful  for  probing  interband  transitions  lying  at  higher  energies,  where  the 
material  is  opaque.  Reflectance  measurements  also  probe  many-body  excitations,  such  as 
exciton,  and  provide  a  valuable  probe  into  how  the  electrons  and  holes  interact  in  the  lattice. 
VUV  spectroscopy  over  a  wide  range  (5  to  40  eV)  allows  one  to  exhaust  the  transitions  of  the 
intrinsic  electronic  structure  and  to  determine  the  high-frequency  dielectric  constant  and  optical 
properties  from  Kramers-Kronig  analysis.  This  provides  a  quantitative  electronic  structure 
information.  [9]  VUV  spectroscopy  has  been  performed  on  single  crystal  and  polycrystalline 
AIN,  but  little  has  been  done  on  AIN  or  GaN  thin  films.[10] 
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Focusing  Mirror  Chamber 


Figure  1.  Schematic  diagram  of  the  photocathodoluminescence  system. 
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Figure  2.  Block  diagram  of  the  photo-cathodoluminescence  system. 
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VI.  Impurity  Doping  and  Contact  Formation  in  GaN  and  AIN 

A.  Introduction 

The  ni-V  nitrides  have  long  been  known  to  possess  properties  that  have  potentially  great 
technological  value.  These  materials  can  be  considered  as  largely  covalent  ceramics,  whose 
unique  combinations  of  properties  are  only  beginning  to  be  put  to  use.  For  electronic  and 
optoelectronic  device  applications,  the  most  important  characteristics  of  the  III-V  nitrides  are 
that  they  are  all  semiconductors  having  wide,  direct  band  gaps  and  form  complete  solid 
solutions  with  one  another.  With  the  band  gap  of  GaN  being  3.4  eV  and  that  of  AIN  6.2  eV, 
the  possibility  exists  for  optical  and  optoelectronic  devices  active  from  the  blue  region  of  the 
electromagnetic  spectrum  to  well  into  the  ultraviolet.  To  date,  semiconductor  devices  have 
been  developed  that  operate  in  the  infrared  to  green  regions  of  the  spectrum,  but  as  yet  attempts 
to  push  this  capability  to  shorter  wavelengths  have  been  unsuccessful.  The  present  study  is 
part  of  an  effort  to  characterize  the  semiconductor  and  optical  properties  of  the  ni-V  nitrides, 
and  to  demonstrate  the  valuable  technological  capabilities  of  these  materials. 

As  part  of  this  study,  several  dopant  impurities  (Si,  Ge,  C,  Zn,  and  Mg)  were  implanted 
into  GaN  and  AIN  films  grown  by  means  of  molecular  beam  epitaxy  (MBE).  These  impurity 
species  were  selected  as  potential  donors  (Si,  Ge),  acceptors  (Zn,  Mg),  or  either  (C)  on  the 
basis  of  their  valences  and  the  compatibility  of  their  covalent  radii  with  the  wurtzite  GaN  and 
AIN  lattices.  Carbon,  a  Group  IV  element,  is  potentially  amphoteric  because  it  is  possible  for  C 
to  occupy  either  lattice  site.  Covalent  radii,  according  to  Van  Vechten’s  model  [1],  of  the 
elements  involved  in  this  study  are  listed  in  Table  1. 


Table  I.  Tetrahedral  covalent  radii  of  selected  elements,  according  to  Van  Vechten  [1] 


r(A) 

A1 

1.230 

Ga 

1.225 

N 

0.719 

Si 

1.173 

Ge 

1.225 

C 

0.774 

Zn 

1.225 

Mg 

1.301 
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After  the  incorporation  of  the  dopant  species,  rapid  thermal  annealing  (RTA)  steps  were 
performed  to  investigate  the  effect  of  annealing  treatment  on  dopant  activation.  The  RTA 
technique  was  chosen  for  these  experiments  because  the  short  time  spent  at  high  temperature  in 
the  process  would  minimize  the  loss  of  nitrogen  from  the  films  and  thus  minimize  the 
formation  of  N  vacancies.  Nitrogen  vacancies  are  defects  that  act  as  electron  donors  in  these 
crystals;  their  presence  would  contribute  to  obscuring  the  effects  of  dopant  activation. 

Surface  cleaning  and  oxidation  studies  of  GaN  and  AIN  will  shortly  be  conducted,  prior  to 
systematic  investigations  of  ohmic  contact  formation  to  these  materials. 

B.  Experimental  Procedure 

1.  Ion  Implantation 

For  this  study  GaN  and  AIN  films  were  grown  at  NCSU  by  means  of  gas  source  MBE  on 
a-SiC  single  crystal  substrates  supplied  by  Cree  Research.  The  MBE  growth  system  is 
described  in  more  detail  in  another  section  of  this  report.  The  GaN  and  AIN  films  were  grown 
to  thicknesses  of  3000A  and  4000A,  respectively.  These  GaN  and  AIN  layers  were  then 
implanted  with  29si^  ^^Zn,  and  ^'^Mg  at  the  Surface  Modification  and 

Characterization  Facility  at  Oak  Ridge  National  Laboratory,  Implantation  of  the  dopant  species 
was  conducted  in  two  steps:  one  step  to  a  peak  depth  of  750-800A,  and  a  second  step  to  peak 
at  a  depth  of  80-1  lOA.  Such  a  combination  of  implantation  steps  would  produce  an 
approximately  flat  dopant  profile  through  most  of  the  total  implantation  depth.  Projected 
implant  concentration  profiles  were  calculated  using  a  software  program  named  PROFILE 
(Version  3.18,  Implant  Sciences  Corporation,  Wakefield,  MA).  Ion  implantation  energies 
were  varied  with  the  implant  species  and  the  target  materials  so  as  to  maintain  similar  depth 
profiles.  Implant  doses  were  varied  to  achieve  peak  atomic  volume  concentrations  of  10*^  and 
10^0  cm-3.  The  implantation  was  conducted  at  a  target  offset  angle  of  5°  to  minimize 
channeling  effects  on  the  incident  beam.  In  addition,  the  samples  were  heated  to  500°C  during 
implantation  to  provide  a  certain  amount  of  self-annealing  and  activation  of  the  dopant  during 
the  implantation  process.  In  a  previous  study  of  implantation  of  SiC  [2],  it  was  found  that 
implanting  SiC  targets  at  elevated  temperature  resulted  in  improved  dopant  activation. 
Implantation  temperatures  above  SCXl^C  did  not  result  in  significant  further  increases  in  dopant 
activity. 

2.  Rapid  Thermal  Annealing 

After  implantation  the  samples'  resistivities  were  measured  prior  to  RTA  treatment. 
Annealing  steps  were  conducted  in  a  Heatpulse  210  model  (AG  Associates)  rapid  thermal 
annealing  furnace  under  1  atm  N2.  The  GaN  samples  were  treated  with  10  s  annealing  steps  at 
1000°C;  the  AIN  samples  were  treated  at  1 100°C,  also  for  10  second  steps. 
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3.  Electrical  Measurements 

The  electrical  resistance  of  each  specimen  was  measured  by  means  of  current-voltage  data 
acquired  by  a  pair  of  surface  probes  using  a  Hewlett  Packard  4  MSA  Semiconductor  Parameter 
Analyzer  system.  This  method  does  not  provide  an  accurate  measurement  of  a  material's 
inherent  resistivity;  the  measured  resistance  includes,  for  example,  any  contact  resistance 
between  the  probe  tip  and  the  film  surface.  This  method  does,  however,  provide  a  means  of 
comparing  the  behavior  of  samples  to  one  another  when  the  measurements  are  taken  with  a 
consistent  procedure.  For  this  study  the  surface  probes  were  placed  at  a  consistent  separation 
distance  of  1  mm  near  the  center  of  each  specimen.  Four  point  probe  measurements  are  more 
commonly  used  to  characterize  the  resistivities  of  more  conventional  semiconductors,  but  the 
nitride  films  used  in  this  study  were  too  resistive  for  accurate  detection  using  this  method.  For 
the  same  reason  it  was  not  possible  to  obtain  accurate  Hall  effect  measurements  of  most  of  the 
samples  for  the  evaluation  of  electrical  carrier  types  and  concentrations. 

C.  Results 

Prior  to  implantation,  the  as-grown  GaN  and  AIN  films  were  highly  resistive.  The  term 
"highly  resistive"  used  here  means  that  a  sample’s  resistance  as  measured  by  the  surface  probe 
current-voltage  (I-V)  method  was  beyond  the  sensitivity  of  the  instrument,  which  corresponds 
to  a  resistance  of  approximately  10^^  Q.  The  measured  resistance  values  varied  across  the 
surfaces  of  most  of  the  samples;  for  the  more  resistive  films  (10^-10*2  Q  range)  this  variation 
was  considerable  -  as  much  as  100  percent  in  some  cases.  The  results  of  the  I-V  measurements 
are  listed  in  Tables  II  and  III.  The  results  of  Mg  implantation  are  not  listed,  as  the  second 
implantation  step  had  not  been  completed  by  the  time  of  the  writing  of  this  report.  The  same 
applies  to  the  second  annealing  step  for  the  C-doped  samples. 

After  the  two-step  implantation  sequences  were  completed,  all  the  tested  films  were  still 
highly  resistive.  After  one  10-second  RTA  step  at  lOOO^C,  however,  the  GaN  films  began  to 
show  some  measurable  decrease  in  resistance.  At  this  point,  the  Si-doped  and  Zn-doped  GaN 
films  had  similar  resistances  in  the  2x10^  Q  range,  while  the  Ge-doped  films  exhibited  much 
higher  resistance  (8x10*®  Q).  Interestingly,  the  less-highly  doped  C;GaN  (N=10*9  cm‘3) 
films  showed  a  significant  decrease  in  resistance  while  the  N=102®  cm'^  films  remained  highly 
resistive.  The  AIN  films  remained  highly  resistant  throughout. 
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Table  II.  Compared  resistances  (in  Q)  of  GaN  and  AIN  films  implanted  with  Si  and  Ge 


Doping 
Level  (cm-3) 

SirGaN 

Si:AlN 

Ge:GaN 

Ge:AlN 

As  Grown 

MM 

HR 

HR 

— 

HR* 

HR 

HR 

HR 

As  Implanted 

WEM 

HR 

HR 

— 

HR 

HR 

HR 

HR 

MM 

HR 

HR 

— 

2.63x10*7 

HR 

8.2x10^0 

HR 

MM 

HR 

KR 

MM 

2.14x106 

HR 

l.OxlOll 

HR 

*  HR  =  highly  resistive  (>10^2  Q) 


Table  II.  Compared  resistances  (in  fl)  of  GaN  and  AIN  films  implanted  with  C  and  Zn 


Doping 
Level  (cm'3) 


As  Grown 


As  Implanted 


C;GaN 


HR* 

HR 


HR 

HR 


5.8x109 

HR 


CAIN 

Zn:GaN 

Zn:AlN 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

HR 

1.5x10*7 

HR 

HR 

HR 

1.9x10*7 

HR 

*  HR  =  highly  resistive  (>10^^  Q) 
t  Measurements  not  yet  completed 
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Figure  1.  Current-voltage  measurement  of  Si:GaN  (N=102®  cm*^)  after  two  10  s  RTA 
steps  at  1000°C. 

After  a  second  annealing  step,  the  Ge;GaN  and  Zn:GaN  films  had  not  changed  appreciably. 
The  Si:GaN  N=1020  cm-3  film,  however,  revealed  a  decrease  in  resistance  of  another  order  of 
magnitude.  The  I- V  plot  for  this  sample  is  shown  in  Figure  1 ,  and  indicates  a  simple  linear, 
ohmic  I-V  relationship.  The  resistance  of  the  circuit  is  represented  by  the  slope  of  the  line, 
using  Ohm's  law  (R=V/I).  Such  a  plot  was  typical  of  all  measurements  below  about  10^  O. 
Measurements  of  higher  resistances  did  not  have  completely  linear  I-V  relationships;  in  these 
cases  the  slopes  of  the  most  linear  regions  of  the  plots  (at  lower  values  of  V)  were  used.  The 
SirGaN  N=1020  cm-3  film  supported  a  current  of  almost  2.5  p-A  at  +5  V;  this  film  was 
conductive  enough  for  Hall  effect  measurements,  which  yielded  an  n-type  carrier  concentration 
of  1.574x10^^  cm-3  and  a  Hall  mobility  of  11.064  cm^/V  s.  However,  due  to  a  high  contact 
resistance  between  the  indium  contacts  and  the  film,  these  measurements  were  not  very 
accurate.  This  and  other  films  may  gain  sufficient  charge  carrier  transport  for  four-point  probe 
measurements  and  better  Hall  measurements  after  additional  annealing  steps.  Steps  will  be 
taken  to  improve  the  contact  quality  for  Hall  measurements. 
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D.  Discussion 

Among  the  films  tested  to  date,  the  Si:GaN  sample  having  a  doping  level  of  lO^®  cm-^ 
exhibited  the  greatest  reduction  in  surface  resistance.  This  film's  resistance  was  reduced  from 
being  too  high  to  measure  to  2x106  D  after  two  10  s  rapid  annealing  steps  at  1000°C.  The  Hall 
effect  measurement  revealed  the  conductivity  to  be  n-type,  which  would  result  from  the  Si 
atoms  occupying  the  Group  III  sites  and  acting  as  electron  donors.  Both  Si  and  Ge  are  Group 
rv  elements,  along  with  C,  and  so  have  amphoteric  valence  in  a  ni-V  lattice.  Previous  studies 
of  Group  rv  doping  of  GaN  [3,4]  were  conducted  in  an  attempt  to  observe  p-type  conductivity 
as  a  result  of  the  Group  IV  element  occupying  vacant  N  sites,  but  these  attempts  were  not 
successful.  The  fact  that  a  silicon  nitride  (Si3N4)  forms  a  well-bonded,  stable  compound 
contributes  to  the  likelihood  that  Si  may  substitute  in  the  Group  III  site.  In  addition,  the  fact 
that  Si  forms  a  more  stable  nitride  than  does  Ge  may  allow  Si  to  bond  more  securely  with  the 
nitride  lattice  and  thus  be  more  easily  activated  as  a  dopant  than  Ge.  The  apparent  lack  of 
significant  Ge  activation  may  be  due  to  Ge  not  bonding  well  with  the  nitride  lattice,  and  also  to 
the  fact  that  Ge'*',  being  a  significantly  heavier  ion  than  Si"*",  caused  more  lattice  damage  during 
implantation  than  did  Si"*".  The  elevated  temperature  of  the  target  during  implantation  (500°C) 
should  have  helped  reduce  lattice  damage,  but  it  may  be  that  higher  implantation  temperatures 
would  be  more  effective,  particularly  for  AIN. 

Zinc  is  also  a  heavy  atom  compared  to  the  others  involved  in  this  study,  and  thus  would 
also  cause  more  damage  than  the  others  during  implantation.  The  Zn:GaN  film  (N=10^  cm*^) 
showed  a  significant  decrease  in  resistance  after  one  annealing  step,  but  not  with  another 
anneal.  Magnesium  may  turn  out  to  give  better  results  than  Zn;  it  is  a  less  massive  particle  than 
Zn  and  it  has  already  been  demonstrated  to  create  p-type  doping  when  activated  wi:h  electron 
beam  irradiation  [5,6]. 

It  has  been  frequently  observed  that  successful  p-type  doping  of  III-V  and  II-VI 
compounds  is  difficult  [7-9].  This  problem  has  been  attributed  to  the  semiconductor  lattice 
compensating  for  the  acceptor  impurities  by  generating  crystal  defects  that  act  as  donors  and 
have  relatively  low  energies  of  formation  -  in  this  case  N  vacancies.  The  fact  that  the  C:GaN 
film  in  which  N=10^^  cm'^  showed  a  significant  decrease  in  resistance,  whereas  the  more 
heavily  doped  film  did  not,  may  be  due  to  overdoping  or  the  C  being  over  its  solubility  limit  in 
the  matrix.  Neumark  et  al.  [8,9]  point  out  that,  fundamentally,  an  impurity's  lack  of  solubility 
in  a  semiconductor  is  the  reason  behind  the  difficulty  in  activating  the  impurity  as  a  dopant. 
However,  at  the  present  time  impurity  solubilities  in  these  nitride  materials  have  not  been 
widely  studied;  it  is  planned  in  this  investigation  to  estimate  the  solubilities  of  the  various 
dopants  on  the  basis  of  available  phase  diagrams  and  literature.  In  addition,  it  has  been  claimed 
as  a  result  of  luminescence  studies  [10]  that  C  in  GaN  creates  a  deep  acceptor  level  (860  meV 
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above  the  valence  band  edge)  and  thus  in  high  concentrations  may  act  more  as  electron  traps 
than  as  acceptors  that  contribute  to  charge  transport 

Overall,  it  is  likely  that  these  nitride  crystals  will  exhibit  better  electronic  properties  when 
film  quality  has  been  improved  further.  Cross-sectional  TEM  images  of  films  similar  to  the 
ones  grown  for  this  doping  study  have  shown  an  unexpectedly  large  number  of  structural 
defects  such  as  low-angle  boundaries,  which  could  be  responsible  for  impeding  charge  carrier 
transport  in  general  and  thereby  increasing  the  observed  resistance  of  the  films.  Efforts  are 
currently  underway  to  improve  the  film  deposition  process. 

E.  Conclusions 

Silicon  doping  of  GaN  films,  activated  by  RTA  treatment,  has  been  shown  to  significantly 
reduce  film  resistance.  Zinc  and  C  doping  reduced  film  resistance  to  a  lesser  degree,  due 
possibly  to  charge  compensation,  solubility  limitations,  or  both.  The  effect  of  Ge  doping  was 
only  barely  noticeable.  All  the  AIN  films  remained  highly  resistive  throughout.  It  is  possible 
that  additional  annealing  treatments  will  produce  further  improvement  in  properties;  better  film 
quality,  as  well,  should  have  a  beneficial  effect.  Further  decreases  in  film  resistance  will  allow 
more  accurate  measurement  of  film  resistivities  and  Hall  effect  measurements,  which  will 
reveal  the  charge  carrier  types  and  concentrations. 

F.  Future  Plans/Goals 

The  investigation  of  p-  and  n-type  dopant  activation  will  continue.  Additional  RTA  steps 
will  be  performed  and  more  detailed  electrical  characterization  will  be  conducted  as  the  films 
become  sufficiently  less  resistant.  As  film  quality  improves,  it  is  expected  that  the  effects  of 
impurity  addition  and  dopant  activation  will  be  more  pronounced  and  accurately  determined. 
Photoluminescence  and  cathodoluminescence  spectroscopy  examinations  will  be  performed  in 
an  effon  to  characterize  the  electronic  energy  level  structures  of  these  materials  and  identify 
states  corresponding  to  structural  defects  and  impurity  species.  In  addition,  studies  of  ohmic 
contact  formation  to  these  nitride  films  will  be  conducted.  Forming  good  ohmic  contacts  is  a 
fundamentally  important  technological  step  in  the  fabrication  of  working  semiconductor 
devices. 

Extensive  coverage  of  ohmic  contact  formation  to  GaAs  can  be  found  in  the  literature; 
studies  of  other  ni-V  semiconductors  are  much  fewer,  although  some  work  on  GaN  has  been 
reported  [11,12].  The  preceding  Semiannual  Repon  for  this  work  includes  discussion  of  some 
important  considerations  in  the  search  for  ohmic  contact  materials.  Indium  as  an  ohmic  contact 
for  n-type  nitride  films  and  Pt  as  an  ohmic  contact  for  p-type  will  receive  the  most  emphasis 
initially,  on  the  basis  of  their  chemical  relationship  with  the  nitride  crystals  and  their  work 
functions  relative  to  those  of  GaN  and  AIN,  according  to  the  Schottky-Mott-Bardeen  model. 
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Multiple  avenues  of  this  subject  will  be  explored,  including  the  effects  of  subsequent  annealing 
on  the  contact  behavior,  cross-sectional  examination  of  interfaces  via  transmission  electron 
microscopy  (TEM),  and  probing  the  metal- semiconductor  surface  using  spectroscopic 
techniques  such  as  x-ray  photoelectron  spectroscopy  (XPS). 

It  is  also  planned  to  investigate  the  effects  of  various  surface  cleaning  procedures  and 
oxidation  conditions,  in  order  to  identify  effective  surface  preparation  strategies.  In  the 
formation  of  reproducible  ohmic  contacts,  it  will  be  necessary  to  minimize  interfacial 
contamination  and  surface  nonuniformities.  In  addition  to  comparing  cleaning  procedures,  it 
will  also  be  useful  to  better  characterize  the  oxidation  of  these  thin  ninide  films,  especially  AIN. 
Various  studies  have  been  published  describing  the  oxidation  of  different  forms  of  AIN,  from 
fine  powders  to  hot-pressed  solids  [13-16],  but  as  yet  little  information  is  available  concerning 
single  crystal  or  near  single  crystal  films.  Oxide  films  can  be  either  useful  or  detrimental  for 
semiconductors,  depending  on  the  chemical  and  physical  natures  of  the  materials  involved. 
Characterization  of  the  surface  oxidation  of  the  ni-V  nitrides  will  be  a  constructive  step  in  the 
understanding  and  implementation  of  these  unique  materials. 
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VII.  Reactive  Ion  Etching  of  GaN  and  AIN 


A.  Introduction 

Semiconductor  devices  are  the  principle  components  of  electronic  and  telecommunications 
systems  [1].  In  order  to  densely  pack  these  microscopic  components,  unidirectional,  or 
anisotropic,  etching  techniques  are  required  to  produce  a  fine  network  of  lines.  Wet  etching 
processes  found  in  many  semiconductor  manufacturing  steps  produce  a  multi-directional,  or 
isotropically,  etched  material.  TTiis  is  undesirable  for  microcircuitry  since  the  goal  is  to  produce 
the  smallest  devices  possible.  Therefore,  plasma-assisted  processes,  such  as  reactive  ion 
etching  (RIE),  combine  the  physical  characteristics  of  sputtering  with  the  chemical  activity  of 
reactive  species  to  produce  a  highly  directional  feature.  RIE  has  the  added  advantage  of 
providing  a  more  uniform  etch  and  a  higher  degree  of  material  etch  selectivity. 

RIE  has  been  employed  to  etch  a  wide  variety  of  semiconductor  materials  including  silicon- 
based  materials  [2-1 1],  metals,  like  aluminum  [3,  12-18]  and  ni-V  compounds,  such  as  GaAs 
and  InP  [19-21].  However,  plasma-assisted  etching  of  newer  III-V  compounds,  such  as  GaN 
and  AIN,  has  been  attempted  by  few  investigators  [20,  21].  There  has  been  wide  spread 
interest  in  using  these  nitrides  for  semiconductor  device  applications  requiring  visible  light 
emission,  high  temperature  operation  and  high  electron  velocities  [20].  Since  these  materials 
possess  wide  bandgaps  and  optical  emissions  spectra  in  the  blue  to  near  ultraviolet  range,  they 
are  prime  candidates  for  ultraviolet  detection  devices. 

The  objectives  of  this  report  are  to  discuss  recent  progress  made  in  the  field  of  reactive  ion 
etching  of  gallium  and  aluminum  nitride.  A  long  term  goal  is  to  develop  and  characterize 
suitable  processes  for  the  anisotropic  etching  of  these  nitrides.  In  the  following  sections,  a  brief 
review  of  pertinent  literature  on  plasma-assisted  etching  of  gallium  and  aluminum  compounds 
is  provided  along  with  an  outline  of  proposed  research  efforts. 

B.  Literature  Review 

Reactive  Ion  Etefung  of  GaN.  Since  GaN  is  a  direct  transition  material  with  a  bandgap 
ranging  from  3.4-6.2  eV  at  room  temperature,  it  is  an  ideal  candidate  for  the  fabrication  of 
shortwave  length  light  emitters  [20,  22].  High  quality  GaN  films  have  been  successfully 
grown  by  MOVPE  [22],  ECR-MBE  [23, 24],  MOCVD  [25]  and  a  layer-by-layer  process  [26] 
on  a  number  of  substrate.  In  order  to  fabricate  complete  device  structures,  reliable  etching 
processes  need  to  be  developed.  Since  GaN  is  nearly  inert  to  most  wet  etching  solutions,  with 
the  exception  of  highly  concentrated  hot  NaOH  and  H2SO4  [27],  RIE  may  prove  to  be  an 
effective  method  for  the  production  of  fine  line  patterning  in  semiconductor  materials. 

Recently,  there  have  been  a  few  attempts  at  etching  GaN  by  plasma-assisted  processes  [20, 
21].  Foresi  [21]  investigated  fabrication  techniques  for  ohmic  contact  and  schottky  barriers  on 
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GaN.  One  of  the  highlights  of  his  work  was  the  successful  etching  of  GaN  on  sapphire 
substrate  in  Freon  12  (CCI2F2)  and  in  hydrogen  atmospheres  operating  at  about  10  mtorr  and 
40  and  60  W  of  RF  power.  Results  from  SEM  photographs  showed  that  in  the  CCI2F2  plasma, 
GaN  had  been  completely  removed  from  areas  that  were  not  covered  by  photoresist,  and  that 
the  sapphire  substrate  was  nearly  unetched.  Foresi  was  able  to  obtain  an  etch  rate  of 
approximately  140  A/min  in  the  CCI2F2  plasma  at  60  W,  while  the  hydrogen  plasma  produced 
insignificant  etching  results.  Etch  selectivity  between  the  GaN  and  photoresist  was  found  to  be 
3:1. 

In  another  investigation,  conducted  by  Tanaka  et  al.  [20]  reactive  fast  atom  beam  etching 
was  employed  to  etch  GaN  on  sapphire  in  a  CI2  plasma  at  substrate  temperatures  ranging 
between  80-150°C.  Etch  rates  of  1000-1200  A/min  produced  relatively  smooth  surfaces  and  a 
well  defined  pattern  of  elongated  rectangular  bars  on  the  sapphire. 

Reactive  Ion  Etching  of  AIN.  Aluminum  nitride  is  a  candidate  material  for  optoelectronic 
devices  because  it  possess  a  high  electrical  resistivity,  high  thermal  conductivity,  low  dielectric 
constant  and  has  a  direct  transition  bandgap  of  6.3  eV  [28].  AIN  films  have  been  grown  by 
several  techniques  including  CVD,  MBE  and  ALE,  and  on  a  variety  of  substrate  materials 
including  sapphire,  silicon,  spinel,  silicon  carbide  and  quartz  [29].  Etching  fine  features  in  the 
AIN  films  is  an  important  step  in  the  fabrication  of  such  devices.  Though,  no  repons  of  etching 
of  AIN  are  available  in  the  open  literature  at  this  time,  much  work  has  been  conducted  on 
etching  of  metallic  aluminum  thin  films  [3, 12-18].  As  a  result,  analogies  to  well  established 
data  for  etching  of  aluminum  are  made.  Although  aluminum  and  AIN  are  very  different  mater¬ 
ials,  the  chemistry  and  reactions  in  the  plasma  may  be  similar.  So,  it  is  proposed  that  reactive 
ion  etching  may  also  be  an  effective  means  for  the  application  of  fine  line  patterning  of  AIN. 

A  review  of  the  literature  shows  that  there  arc  two  primary  methods  employed  for  etching 
aluminum.  Bruce  and  Malafsky  [12]  employed  a  parallel  plate  configuration  (REE)  to 
investigate  the  effects  of  CI2  on  aluminum.  They  found  that  two  processes  are  involved, 
namely,  the  removal  of  the  oxide  layer  and  etching  the  metal  below  it  For  those  experiments,  it 
was  hypothesized  that  BCI3  gas  was  necessary  for  the  removal  of  the  oxide  layer  because  it 
was  responsible  for  the  initiation  of  a  reduction  reaction  with  the  oxide.  In  the  RIE  etching 
configuration,  aluminum  etched  with  a  chlorinated  gas  is  a  purely  chemical  reaction  with  little 
contribution  from  ion  bombardment.  This  conclusion  was  made  as  a  result  of  the  insensitivity 
of  RF  power  to  the  etch  rate  [12].  Therefore,  anisotropic  etching  was  thought  to  have  been  the 
result  of  a  sidewall  passivation  mechanism  whereby  a  protective  layer  is  formed  on  the  vertical 
walls  of  the  trench  by  reaction  of  H2O  or  carbon  containing  species  with  the  aluminum.  Since 
ion  bombardment  is  normal  to  the  surface,  the  walls  remained  unetched.  This  mechanism  was 
produced  by  the  addition  of  CHCI3  to  the  mixture  of  gases.  Feature  widths  of  2.25  pm  were 
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produced  by  a  gas  mixture  of  CI2,  BCI3,  CHCI3  and  He  at  about  1.2  mtorr.  Helium  gas  was 
added  to  the  mixture  to  reduce  the  amount  of  erosion  of  the  photoresist. 

The  combination  of  an  isotropic  flux  of  reactive  species  with  a  highly  directional  beam  of 
energetic  ions,  so  called  ion  beam  assisted  etching  (IBAE),  has  been  employed  for  the 
anisotropic  etching  of  aluminum  by  many  investigators  [13-15,  18].  For  IBAE,  the  aluminum 
oxide  layer  can  be  physical  removed  by  sputtering  with  Ar'*’  or  Xe"*"  ions,  whereas  with  RIE  the 
oxide  is  removed  chemically  [13].  However,  etching  takes  place  again  by  chemical  reaction  of 
CI2  with  the  aluminum  as  determined  by  the  lack  of  dependence  of  the  etch  rate  on  the  ion 
energy  and  current  [14,  15].  From  a  mechanistic  point  of  view,  CI2  adsorbs  onto  and  diffuses 
into  the  aluminum  resulting  in  the  formation  of  aluminum  chlorides.  AI2CI5  is  the  dominant 
etch  product  at  lower  temperatures  (33°C),  while  AICI3  was  observed  at  higher  temperatures 
(210°C)  [  15].  Saturation  of  the  etched  surface  with  chlorine  atoms  occurs  prior  to  desorption  of 
AICI3. 

The  etch  rate  is  dependent  upon  several  parameters  including  the  presence  of  residual  gases 
in  the  chamber,  substrate  temperature,  CI2  flux,  ion  beam  and  the  presence  of  carbon 
containing  species.  Impurity  gases  in  the  chamber  (i.e.  H2O,  O2,  N2,  etc.)  can  react  with  the 
aluminum  films  and  impede  the  etching  process  by  leaving  a  residue  on  the  etched  surface. 
This  reduces  the  amount  of  CI2  available  for  reaction  and  consequently  lowers  the  etch  rate 
[13].  The  substrate  temperature  is  another  parameter  that  affects  the  etch  rate  of  aluminum. 
Efremow  et  al.  [13]  observed  a  two- fold  increase  in  the  etch  rate  by  heating  the  substrate  from 
0°  to  100°C.  It  was  hypothesized  that  the  increase  in  temperature  led  to  a  higher  evaporation  rate 
of  the  product  AICI3.  In  addition,  they  found  that  an  increase  in  the  CI2  flux  produced  a 
significant  amount  of  undercutting  due  to  the  nondirectional  flow  of  the  CI2  gas.  A  higher 
degree  of  anisotropy  was  achieved  by  the  combination  of  ion  beam  and  CI2  flux.  Efremow  et 
al.  suggested  that  sidewall  passivation  (by  reaction  of  H2O  with  the  aluminum)  was  partly 
responsible  for  the  production  of  the  very  fine  features  in  their  samples.  Submicrostructures  of 
80  nm  wide  lines  were  etched  into  a  100  nm  thick  aluminum  film  with  0.3  mtorr  CI2  gas  and 
0.1  mA,  1  keV  Ar"*"  beam.  Lastly,  Parks  et  al.  [14]  found  that  chemisorpti''n  of  the  halocarbon 
gas  molecules,  such  as  CCI4  and  CBr4,  onto  the  aluminum  surface  formed  halogentated  alumi¬ 
num  species  along  with  an  aluminum  carbide.  Therefore,  a  significant  reduction  in  the  etch  rate 
was  observed  due  to  the  difficulty  encountered  in  removing  the  carbide  from  the  surface. 

Oxidation  of  Aluminum  Nitride.  Previously,  it  was  mentioned  that  an  important  step  in 
etching  aluminum  is  the  removal  of  the  oxide  layer.  This  may  also  be  an  important  first  step  in 
the  etching  of  AIN  since  the  existence  of  an  oxide  layer  on  AIN  is  well  documented  [30-34].  It 
has  been  shown  that  AIN  is  thermodynamically  unstable  in  oxygenated  environments  at 
temperatures  exceeding  700°C  [31-34].  XPS  and  X-ray  diffraction  analyses  [34]  show  the 
presence  of  a  porous  ALON  intermediate  layer  produced  during  thermal  oxidation  at 
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temperatures  greater  than  700°C,  while  the  combination  of  pressure  and  high  temperature 
results  in  an  AlCXDH  interlayers.  In  addition,  at  higher  temperatures  (>  1 100®C),  there  appeared 
to  be  oxygen  saturation  of  the  oxide  layer  after  which  point  no  weight  gain  was  observed  [34]. 
This  is  highly  indicative  of  the  formation  of  a  protective  layer,  such  as  AI2O3,  which  inhibits 
further  formation  of  the  oxide.  Variations  in  the  oxidation  temperatures  of  AIN  have  been 
reponed  [31-34]  and  may  be  the  result  of  variations  in  the  grain  size,  porosity,  impurity  content 
and  humidity  levels  [33].  Lasdy,  the  following  oxidation  mechanism  for  AIN  was  proposed  by 
Suryanarayana  et  al.  [34].  As  a  result  of  the  brittle  nature  of  AIN,  stresses  and  strains  produced 
via  the  difference  in  thermal  expansion  coefficients  between  the  oxide  and  nitride  cannot  be 
accommodated  by  the  microstructure  without  the  formation  of  microcracks  and  micropores. 
These  defects  seem  to  be  generated  in  the  oxide  layer.  Thus,  nitrogen  is  liberated  form  the 
surfaces  of  the  cracks  and  oxygen  can  diffuse  to  the  surface  of  the  oxide  scale.  The  formation 
of  AI2O3  on  the  nitride  surface  results  in  passivation  and  inhibits  the  diffusion  of  the  oxygen  to 
the  surface  at  higher  temperatures. 

C.  Proposed  Research 

Experimental  Apparatus.  A  schematic  diagram  of  the  proposed  RIE  system  is  shown  in 
Figure  1.  The  design  of  this  system  is  based  on  that  of  the  standard  parallel-plate  diode 
configuration  in  which  the  bottom  electrode  is  powered  by  a  RF  power  supply  (see  for  example 
Ref.  10).  The  apparatus  in  this  design  consists  of  a  stainless  steel  chamber  and  a  water-cooled 
steel  or  aluminum  electrode.  These  materials  were  chosen  for  their  ability  to  resist  chemical 
attack  from  the  process  gases.  During  the  etching  process,  the  samples  will  be  placed  on  the 
bottom  electrode  which  may  be  coated  with  graphite  (or  an  equivalent  material)  to  prevent 
sample  contamination.  Mass  flow  controllers  are  desirable  for  the  accurate  and  safe  control  of 
the  process  gases. 

The  pumping  system  consists  of  a  diffusion  pump  and  cold  trap  combined  with  a 
mechanical  pump.  A  control  valve  is  used  to  maintain  a  prescribed  processing  pressure  in  the 
chamber  during  etching  runs,  while  additional  flexibility  in  the  range  of  processing  pressures  is 
ensured  by  the  presence  of  two  isolation  valves. 

A  13.56  MHz  RF  power  supply  with  a  dual  capacitance  matching  network  is  connected  to 
the  electrode  to  maintain  a  glow  discharge  between  the  electrodes.  It  is  likely  that  a  power  range 
of  0-300  W  will  be  required  for  these  experiments  for  maximum  flexibility. 

In  addition,  a  mass  spectrometer  (or  equivalent  apparatus)  can  be  employed  for  the 
detection  and  characterization  of  chemical  species  produced  by  and  during  the  etching  process. 
It  is  hoped  that  this  analytical  instrumentation  will  provide  necessary  information  for  the 
determination  of  the  success  of  the  etching  processes  and  will  provide  a  basis  for  an 
understanding  of  the  etching  mechanisms. 
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Figure  1.  Proposed  RLE  system  design  (drawing  not  to  scale). 

Choice  of  Process  Gases.  There  are  a  number  of  process  gases  that  can  be  used  for 
anisotropic  etching  of  GaN  and  AIN.  Fluorine  plasmas  are  impractical  for  etching  aluminum 
and  gallium  compounds  because  involitile  fluorides  are  formed  at  the  surfaces,  therefore 
limiting  desorption  or  reaction  species  from  the  surface  [35].  Chlorine  plasmas,  on  the  other 
hand,  have  been  used  extensively  for  etching  aluminum  and  gallium  compounds,  see  Section  B 
above.  The  following  points  [36]  will  also  be  considered  in  choosing  the  process  gases: 

1.  Mixed  halogen  etching  gases  containing  Cl  and  Br  are  often  used  for  anisotropic  etching, 

e.g.  CCIF3,  CCI2F2,  CQsF,  and  CF3Br.  The  concentration  of  Cl  and  Br  can  be  increased 
by  adding  C)2  to  the  mixed  halocarbon  gases.  However,  this  could  enhance  polymerization 
of  the  chamber  walls,  electrodes  and  substrate. 

2.  Sidewall  passivation  layers,  i.e.  polymerized  films,  are  important  in  achieving  etch 
directionality  in  many  dry  etching  processes.  The  glow  discharge  chemistry  should  be 
chosen  so  that  etch  inhibiting  films  can  form  as  long  as  they  are  not  exposed  to  ion 
bombardment,  which  leads  to  the  dissolution  of  films.  Conceptually,  it  appears  that 
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sidewall  passivation  forming  gases  (such  as  O2  and  H2)  can  be  added  directly  to  the 
primary  etching  gases  of  which  the  amount  of  sidewall  passivation  can  be  controlled  by  the 
mixing  ratio.  However,  the  addition  of  such  gases  can  change  the  etch  rate  and  masking 
selectivity  of  the  process. 

3.  The  addition  of  O2  to  Cl  and  Br  plasma  gases  tends  to  increase  the  atomic  concentration  of 

Cl  and  Br  in  the  plasma  and  reduce  the  amount  of  polymerization. 

4.  The  addition  of  H2  to  Cl  and  Br  plasma  gases  has  a  tendency  to  reduce  the  atomic 
concentration  of  Cl  and  Br  thus  increasing  the  amount  of  polymerization. 

5.  The  addition  of  Ar  and  other  noble  gases  to  the  plasma  has  a  tendency  to  stabilize  the  plasma 

or  can  be  used  for  cooling  purposes  (He  can  be  used  for  high  pressure  gases).  Ar  can  also 
cause  inert  ion  bombardment  of  the  surface  and  aid  in  producing  anisotropic  etching. 

In  etching  GaN,  the  gases  used  for  the  investigations  of  Tanaka  [20]  and  Foresi  [21], 
namely  CCI2F2  and  CI2,  will  be  employed  first  since  those  investigators  reported  successful 
results.  Experimentation  with  other  combinations  of  gases  is  likely  in  order  to  obtain 
anisotropic  features  and  reasonably  high  etch  rates.  As  for  AIN,  chlorine  containing  gases  with 
additions  of  O2,  carbon  containing  gases  and  or  noble  gases  (i.e.  Ar,  He,  etc.)  are  likely 
candidate  gases.  Though,  somewhat  of  a  trial  and  error  methodology  will  be  followed  until 
success  is  achieved.  It  is  noted  that  for  RIE,  sidewall  passivation  is  an  important  mechanism 
for  anisotropic  etching  and  will  generally  produce  larger  features.  On  the  other  hand,  ion  beam 
assisted  etching,  or  similar  techniques,  are  likely  to  produces  smaller  features  in  these  nitrides. 

D.  Future  Research 

Future  plans  include  the  acquisition  and  installation  of  a  RIE  system  similar  to  the  one 
shown  in  Figure  1,  the  development  and  characterization  of  suitable  etching  processes  for 
aluminum  and  gallium  nitride  and  the  additional  research  on  the  chemistry  and  thermodynamics 
of  these  processes. 
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